STUDY OF STRUCTURE AND PROPERTIES OF OXIDE ELECTRODE MATERIALS(FE3O4, AZO, SRO) AND THEIR DEVICE APPLICATIONS by CHICHVARINA OLGA
 STUDY OF STRUCTURE AND PROPERTIES OF OXIDE 





(DIPLOMA, SARATOV STATE UNIVERSITY, RUSSIA) 
 
 
A THESIS SUBMITTED 
 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
 
DEPARTMENT OF MATERIALS SCIENCE AND ENGINEERING 
 








I hereby declare that the thesis is my original 
work and it has been written by me in its entirety. 
I have duly acknowledged all the sources of 
information which have been used in the thesis. 
This thesis has also not been submitted for any 
















I am deeply indebted to the people who have contributed in one way or other 
towards the completion of my doctoral thesis.  
First and foremost, I would like to thank Prof Ding Jun for his patient guidance 
throughout my time under his supervision. Despite my many failings, Prof Ding 
has always managed to keep me focused on the work at hand during my PhD 
candidature. He has never failed to be an indefatigable source of personal support, 
as well as new ideas whenever I found myself in want of inspiration and capacity 
to resolve problems. 
In addition, I would like to thank Dr. Herng Tun Seng. He helped me a great deal 
in my experimental work, and in the revision of my manuscripts. I would also like 
to express my appreciation to my lab-mates Dr. Yang Yong, Mr. Xiao Wen, Ms. 
Viveka Kalidasan, Mr. Xiaoliang Hong and Ms. Yunbo Lv for their advice, both 
personal and professional. Special mention should be given to the lab officers at 
the Department of Materials Science and Engineering for their technical support 
in sample characterization. 
Last but not least, special thanks to my family and boyfriend who provided 





Table of contents 
Acknowledgements……………………………………………………..….....…..i 
Table of contents…………………………………………….………….…..…...ii 
List of publications………………………………………………………….....viii 
List of conference presentations……………………………………….…….....ix 
Summary…………………………………………………………….….…..…....x 
List of figures……………………………………………………..….....….…..xiii 
List of tables………………..…...……………………………………………..xxii 
Chapter 1 Introduction…………………….………………………….………...1 
1. Overview of oxide electrode materials……………………………..……..……2 
1.1 Fe3O4………………………...…....…………………...………………...….....4 
1.1.1Crystal structure……………………………………………………...5 
1.1.2 Magnetic anisotropy…………………………………..….….....……6 
1.1.3 Antiphase boundaries…………………………..…..………….….....7 
1.2 SrRuO3……………………………………………………...……….…...……8 
1.2.1 Crystal structure…………………………………………..……..…..8 
1.2.2 Magnetic and transport properties of SRO ……………....……..…10 
1.3 ZnO………………………………………………..…………..…….……….11 
      1.3.1 Crystal structure…………………………………………....….…….…11 
      1.3.2 Electrical properties of undoped ZnO………………...….….…..….….13 
iii 
 
      1.3.3 Role of hydrogen dopant in ZnO …………………….….……....…….13 
1.3.4The influence of Al doping on ZnO properties………………………....14 
1.4 Perovskite-based RRAMs…………………………………….………....…...15 
1.5 Motivation and objectives………………………………………..………......17 
REFERENCES……………………………………………..…….…………...…21 
 
Chapter 2 Thin films preparation and characterization techniques 
2.1 Pulsed laser deposition ………………………………….....………..…….…29 
2.1.1 PLD system setup……………………………………………….…………30 
2.1.2 Mechanism of PLD……………………………………….…………….….31 
2.2 Structural analysis……………………………………………………………32 
2.2.1 X-ray diffraction (XRD)……..……………………………….……32 
2.2.2 Transmission electron microscopy (TEM)………….….…..…...…34 
2.2.3 X-ray photoelectron spectroscopy (XPS)………….….………...…36 
2.2.4 SEM…………………………………….……….…………………37 
2.2.5 Raman……………………………….…..…………………………39 
2.2.6 Surface profilometer……...……………..………………….…...…41 
2.3 Transport and magnetic properties characterization........................................42 
2.3.1 Physical Property Measurement System (PPMS).............................42 
2.3.2 Superconducting quantum interface device (SQUID) .....................42 
2.3.3 Vibrating sample magnetometer (VSM)…………….......................43 
2.3.4 Resistivity and Hall effect measurements…………….....................44 
iv 
 
2.4 Ferroelectric measurements……………………….........................................46 




Chapter 3 Zinc oxide: a potential metal oxide electrode material 
3.1 Introduction …………………………….........................................................51 
3.2 Undoped ZnO: metastable zinc-blende vs. conventional wurzite crystalline 
phase……………………………………………………………………………..53 
3.2.1 Experimental.....................................................................................55 
3.2.2 Structure characterisation..................................................................56 
3.2.3 Magnetic properties………………………………………...…..….68 
3.2.4 Summary...........................................................................................70 
3.3 Hydrogen annealed ZnO thin films…………………………………………..71 
            3.3.1 Experimental……………...…..…………………..…..………...….72 
3.3.2 Structural characterization………………………...………….…....72 
3.3.3 Photoluminescence…………………………………..….…………81 
3.3.4 Electrical properties……………………………………...………...82 
3.3.5 Summary…………………………………………………………...83 
3.4 Al-doped ZnO…………………………………………………….……....….84 









4.3 Structure characterization................................................................................96 
4.4 Magnetic and transport properties.................................................................102 




Chapter 5 Ferroelectric heterojunctions PZT/SRO and BTO/SRO grown on 
STO 
5.1 Growth of highly textured strontium ruthenate films on STO………......….114 
5.1.1 Introduction…………………………………………………...…..114 
 5.1.2 Experimental…………………………………………………..….115 
 5.1.3 Thickness dependence……………………………………...…….116 
 5.1.4 Structure characterization……………………………………...…118 
 5.1.5 Summary.…………………………………………………….…...123 
5.2 PZT/SRO and BTO/SRO heterostructures…………………………………123 




5.2.3 Structure ………………………………………………………….125 




Chapter 6 Fe3O4/PZT/SRO/STO and AZO/PZT/SRO/STO heterostructures. 




6.2.3 PZT as active layer…………………………………………..…….…...…135 
6.2.4 The role of Fe3O4 top electrode………………………………..……..…...139 
6.2.5 Thickness dependence of Fe3O4 top electrode………………..….…….....144 
6.2.6 The contribution of SRO bottom electrode to MR……………….……....146 
6.2.7 Summary.....................................................................................................147 
6.3 AZO/ PZT/SRO/STO…………………….….……………………………..148 
6.3.1 Experimental………………………………………………..….……....…148 








Chapter 7 Conclusions and future research 
7.1 Summary of results........................................................................................157 





List of publications 
 
Chichvarina O., Herng T.S. & J. Ding. (2016) Physical properties modulation of 
Fe3O4/Pb(ZrTi)O3 heterostructure via Fe diffusion. Nanotech 27 (11):115203 
 
Chichvarina O., Herng T.S., Xiao W., Hong X. & J. Ding. (2015) Magnetic 
anisotropy modulation of epitaxial Fe3O4 films on MgO substrates. J Appl Phys 
117(17): 17D722  
 
Chichvarina O., Herng T. S., Phuah K. C., Xiao W., Bao N., Feng Y. P. & Ding 
J. (2015) Stable zinc-blende ZnO thin films: formation and physical properties. J 
Mater Sci 50(1):28-33 (featured as a Key Scientific Article on Advances in 
Engineering) 
 
Hong X., Xiao W., Bao N., Li W., Chichvarina O. & Ding J. (2015) L10-FePt 





List of conference presentations 
 
Chichvarina O., Herng T.S. & Ding J. 
Deposition-controlled enhancement of green emission of hydrogen annealed ZnO 
thin films (poster) 
International Conference on Advances in Functional Materials (AFM). June 29 – 
July 3, 2015, Stony Brook University, Stony Brook, New York State, USA 
 
Chichvarina O., Herng T.S., Xiao W., Hong X. & Ding J. 
Magnetic anisotropy modulation of epitaxial Fe3O4 films on MgO substrates 
(poster) 
The 59th Annual Magnetism and Magnetic Materials (MMM) Conference. 
November 3-7, 2014, Honolulu, Hawaii, USA 
 
Chichvarina O., Phuah K. C., Herng T. S., Feng Y. P., Yang M. & Ding J. 
Magnetism of Ti-stabilized ZnO Zinc-blende films (oral presentation) 
The 7th International Conference on Materials for Advanced Technologies 





Ferroelectric thin film capacitor heterostructures have attracted considerable 
attention in the last decade because of their potential applications in piezoelectric 
sensors, actuators, power generators and non-volatile memory devices. Strongly 
correlated all-perovskite oxide heterojunctions are of a particular interest, as their 
material properties (electronic, structural, magnetic and optical, etc.) can be tuned 
via doping, interface effect, applied electrical field, and formation of two-
dimensional electron gas (2DEG), etc. The right selection of electrode material 
for this type of capacitor-like structures may modify and enhance the performance 
of a device, as the electrode/barrier layer interfaces can significantly influence its 
macroscopic properties. Although there is a number of reports on the effect of 
electrode interfaces on the properties of PZT capacitors deposited on SRO 
buffered STO substrate, very little is known about Fe3O4/PZT and AZO/PZT 
electrode interfaces.  
This thesis comprises two parts. In the first part we present a systematic study of 
the structural, transport, magnetic and optical properties of oxide thin films: AZO, 
Fe3O4 and SRO. These monolayers were fabricated via pulsed laser deposition 
technique on quartz, MgO and STO substrates respectively. The second part of 
this thesis elucidates the behaviour of these three oxides as electrode components 




1) Zinc-blende (ZB) phase of ZnO was predicted to possess higher values of 
conductivity and higher doping efficiency compared to its wurzite counterpart and 
thus has greater chances of facilitating the fabrication of ZnO-electrode-based 
devices. However, zinc-blende is a metastable phase, and it is challenging to 
obtain single-phase ZB. To tackle this challenge we tuned parameters such-as film 
thickness, substrate and annealing effect, and achieved a ZB phase of Ti-doped 
ZnO, ZB-(Zn1-xTix)O thin film. An in-depth systematic study on ZnO zinc-blende 
formation and the underlying mechanism is presented in Chapter 3 of this work. 
In addition, this study also looked into the effect of ZnO doping with hydrogen 
and aluminium. 
2) Perpendicular magnetic anisotropy in electrodes is an essential property 
for the development of certain types of random access memories. In order to study 
magnetic anisotropy of ferroelectric Fe3O4, we fabricated Fe3O4 epitaxial films of 
various thicknesses on MgO substrates with different orientations. Fe3O4 thin 
films on MgO (111)-oriented substrates showed prominent out-of-plane magnetic 
anisotropy. With the purpose of exploring the mechanism behind this 
phenomenon, we investigated the role of substrate orientation and film thickness 
dependency. It was shown that by using the substrates of different orientations 
and thereby, altering the substrate lattice strain the anisotropy manipulation in 
Fe3O4, thin films is possible. 
3) The last part of the thesis focuses on the performance of 
AZO/PZT/SRO/STO and Fe3O4/PZT/SRO/STO heterostructures. High quality 
xii 
 
crystalline films with sharp interfaces and rms surface roughness ~1 nm were 
achieved. Pronounced bipolar switching was observed in both heterostructures. 
More importantly, it was found that physical properties of 
Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 heterostructure can be modulated by 
introducing Fe2+ and Fe3+ cations into Pb(Zr0.52Ti0.48)O3 active layer.  The sample 
showed MR signal of ~ 3% after being set into low-resistance state, attributing to 
the formation of Fe-related semiconductor-like channel in the Pb(Zr0.52Ti0.48)O3 
layer. After resetting to high-resistance state, MR signal disappeared due to the 
rupture of the channel. The results paves the way to the realization of a non-
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Chapter 1 Introduction 
Recent investigations into the transport, magnetic and optical properties, as 
well as spin polarization in epitaxial thin films and heterostructures have 
attracted significant attention. In particular, perovskite-like oxide thin films 
are found to allow for a variety of intriguing applications due to their 
paraelectric, ferroelectric, colossal magnetoresistance (MR) and multiferroic 
properties. Experimental reports in recent years have also shown that the 
perovskite heterostructures display remarkable physical properties that differ 
substantially from the bulk properties of the constituent layers. Due to the 
physical properties of these heterostructures, multiple new applications have 
been suggested (in RRAMs, FeRAMs, MRAMs, etc.), which would then serve 
as an alternative to conventional charge storage-based semiconductor devices. 
Most of these devices have adopted basic capacitor-like structure that consists 
of a ferroelectric active layer sandwiched between two metal/metal oxide 
electrodes.  
Although the basic characteristic of the electrode in any device is conductivity, 
there is often a need for an electrode layer to have a combination of 
characteristics, which in turn depends on the device working principle. For 
instance, transparency is essential for optoelectronics while polarization plays 
an important role in spintronics. It has also been noted that when the film is 
integrated with other electronic components of a device, such as an electrode 
layer, an interface arises between these two. As a result of this interaction, the 
entire structure may gain unexpected properties. 
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One promising transparent conducting oxide in electrode applications is Al-
doped ZnO (AZO) that presents high transmittance and high conductivity.
1
 
Meanwhile, iron oxide (Fe3O4) appears to be a high-potential material for 
future magnetoelectric devices as it has been found to exhibit a strain-
mediated converse magnetoelectric effect in ferroelectric-based multiferroic 
hybrid structures.
2
 Another material of promise is SrRuO3, which is a 
conductive oxide pseudo-cubic perovskite that has a low mismatch with PZT 
(~ 0.5 %), thus allowing for high quality epitaxial growth. For this reason it is 
frequently chosen as an electrode material for the memory devices grown on 
SrTiO3 substrates. Moreover, it has been found to be an effective candidate 
that improves the fatigue property for ferroelectric thin films.
3, 4
  
This chapter presents an overview of these promising materials. A description 
of the working principle and configuration of resistive random memory 
(RRAM), which is adopted to test the performance of the above mentioned 
electrodes, will be provided. There will also be a brief mention of perovskite 
ferroelectrics, one of which Pb(Zr52Ti48O3) can be used as a switching layer. 
1 Overview of electrode materials 
The choice of electrode material is an important step in designing a device. 
Several requirements have to be satisfied for the ferroelectric-based device to 
achieve high performance. First, it is preferable that the electrode is epitaxial 
with the active layer. Second, it is highly desirable if the lattice mismatch 
between the ferroelectric layer and electrode is small. It is an advantage if they 
have similar crystal structure and compatible chemistry. The electrode is 
expected to be impervious to the ferroelectric and substrate components which 
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would help to eliminate the interdiffusion during deposition or post growth 
annealing. Lastly, when the device working principle requires good switching 
characteristics, a large work function difference between electrodes can also 
be helpful. According to some reports a larger difference between the work 
functions of the top and bottom electrode can improve switching 
characteristics of a device.
5, 6
 It may also define the switching mechanism in 
play. However, it should be emphasized that here is no correlation between the 
current density and the work function of the materials used as top electrodes.
7
  
Among metal electrode materials, platinum demonstrates some of the most 
promising properties as electrode material for ferroelectric thin films due to its 
high electrical conductivity and good stability in oxidation. The leakage 
current in the ferroelectric dielectric-type capacitors appeared to be controlled 
by the height of the ferroelectric/electrode Schottky barrier. Platinum forms a 
relatively high Schottky barrier with ferroelectrics at high temperatures, thus, 
reducing current leakage. Conventionally, polycrystalline ferroelectric thin 
films were grown on Pt base electrodes. However, poor-quality ferroelectric 
thin films with high angle grain boundaries are detrimental to device 
performance, since they cause aging and fatigue due to charge segregation and 
decay.
8
 Moreover, defects (hillocks) leading to short-circuit between the top 
and bottom electrodes These defects were ascribed to Ti diffusion along the Pt 
grain boundaries and formation of a TiOx layer on the top Pt surface during 
crystallization of PZT ﬁlms. As such, the non-epitaxial interfaces between 
ferroelectric layers and electrodes lead to degraded performance of a device.  
The formation of oxygen vacancies and their diffusion on the ferroelectric-
metal interface was postulated to be another reason responsible for the fatigue 
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phenomenon. It was soon realized that conducting oxide electrodes have 
significant advantages over their metal counterparts. The diffusion of oxygen 
is reduced in oxide electrodes due to less abrupt oxygen gradient at the 
interface, providing a solution to the fatigue problem in these systems.  
Thereby, an alternative satisfying both conditions: being an oxide and 
providing epitaxial growth of ferroelectrics was found. Perovskite-type metal 
oxide materials have started receiving much attention as a potential electrode 







 were reported. Nowadays, 
SRO complex oxide is widely used as a bottom half-metallic electrode 
material and a buffer layer for the epitaxial growth of high quality perovskite 
ferroelectrics.  
 Along with improved fatigue characteristics perovskite heterojunctions added 
up new functionalities to the devices, owing to their strong electron correlation 














1.1 Fe3O4  
Magnetite (Fe3O4) has been predicted to be a half-metallic ferromagnet (HMF) 
at room temperature, which means this material is metallic for one spin 
direction and insulating for the other.
17, 18
 This effect is ascribed to the unusual 
band structure of these ferromagnets. Unlike conventional ferromagnets, only 
one type of electron (spin up or spin down) is present at the Fermi level in 
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Fe3O4. In this case, the polarization is equal to 100%. The spin polarization is 




 technology, which had resulted in 
increasing interest towards Fe3O4 and its potential applications.In addition, 
Fe3O4 is the most promising candidate for incorporation with spintronics 
devices as it happens to possess the highest Curie temperature (Tc=860K) 
among other half-metals, such as CrO2 (Tc=395K) and La0.7Sr0.3MnO3 
(Tc=360K). Moreover, Fe3O4 has the highest conductivity within the iron 
oxide family; it also has high Neel temperature (TN), high saturation 
magnetization (~500 emu/cc in bulk Fe3O4), and can be epitaxially matched 
with various semiconductor and oxide compounds. These unique properties 
make Fe3O4 a potential candidate for spin electronic devices, particularly as an 
electrode in magnetic tunneling junctions (MTJs), spin valves, non-volatile 
magnetic memory devices and magnetic sensors. 
1.1.1 Crystal structure. 
Bulk Fe3O4 exhibits inverse spinel structure, generally specified as ABO4 
(space group Fd3m), with a lattice constant a=8.397 Å, as shown in Fig.1.1. 
Large oxygen ions occupy the sites of a fcc lattice, whereas small Fe ions 
occupy interstitial sites. There are two kinds of interstitials—the tetrahedrally 
coordinated A sites occupied by Fe
3+
 ions and the octahedrally coordinated B 




 ions. Magnetite has an 
exceptionally high conductivity compared to other ferrites, which is attributed 
to the transfer of the additional Fe
2+
 electron between the B sites. 








1.1.2 Magnetic anisotropy. 
The dependence of magnetic properties of a ferromagnet on a preferred 
direction is known as magnetic anisotropy. Materials with perpendicular 
anisotropy are investigated with a purpose of application in magnetic random 
access memory (MRAM), magnetic logics, spin-transistors, and quantum 
computing. Unlike field-driven MRAM, switching between two states in STT-
MRAM (spin transfer-torque-switching-type random access memory) occurs 
due to spin-polarized current flowing through MTJ. It was reported that STT-
MRAM with perpendicular magnetic anisotropy (PMA) has a better scalability 
compared to in-plane STT-MRAM due to lower critical switching current 
density and higher thermal stability.
21
 The thermal stability factor plays a 
crucial role as it guarantees non-volatility of this type of memory. For 
information to be stable for at least ten years, the ratio KuV/kBT - where Ku is 
the effective uniaxial anisotropy, V is the volume of the magnetic grain, kB is 
Boltzmann’s constant, and T is the operating temperature - should be larger 
than 60,
22
 which means that Ku should be very large for effective uniaxial 
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anisotropy. However, with increase of Ku the switching current Ic will also 
increase, which is highly unfavourable. Sbiaa R. proposed a model based on 
Landau–Lifshitz–Gilbert formalism23 that proves that spin transfer switching 
occurs at lower current densities for the materials with PMA than for their in-
plane counterparts. 
 
Fe3O4 thin films were found to possess magnetic anisotropy
24, 25
 which makes 
the material a promising candidate to satisfy future demand for high-capacity 
magnetic data storage / memory. Since magnetic anisotropies are highly 
influenced by lattice strain, anisotropy manipulation might be made possible 
by using substrates of different orientations. But despite the number of 
publications
26,27
 on this topic, there is still much speculation about the 
underlying mechanisms. 
1.1.3 Antiphase boundaries 
Antiphase boundaries (APBs) are structural defects formed during film growth 
due to lattice mismatch between Fe3O4 and the substrate. They correspond to 
the coalescence of islands with different cation sublattices
28
 and have been 












 and unsaturated magnetic loop. It 
is believed that APBs may affect magnetic anisotropy in Fe3O4 epitaxial films 
grown on substrates of different crystallographic orientations. However due to 
the lack of evidence supporting this explanation, there has not been 
consistency in points of view. This prompts us to investigate the relation 
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between APBs and the phenomenon of magnetic anisotropy in Fe3O4 thin 
films grown on MgO substrates with (111), (100) and (110) crystallographic 
orientations. 
1.2 SrRuO3 
SrRuO3 (SRO) has recommended itself to be one of the most frequently used 
materials for electrodes in microelectronic devices. It is one of the few 
complex oxides that exhibit metallic conductivity without doping. Moreover, 
it has effective resistance to chemical corrosion
33
 and good thermal stability
34, 
35
. Due to small lattice mismatch with most of the functional oxides, SRO can 
be easily integrated into diverse heterostructure devices, such as non-volatile 
capacitor-type memory
11, 3
 and logic devices.  
1.2.1 Crystal structure 
Bulk SRO crystallizes in an orthorhombic structure (Pbnm) at room 
temperature with lattice parameters a=5.57 Å, b=5.53 Å, and c=7.85 Å, as 
illustrated in Fig. 1.2. The RuO6 octahedral rotation produces a distorted 






=3.93 Å (Miller indices 
indicate the values for orthorhombic structure), α=β=90° and γ=89.6°.  
According to Glazer notation, the orthorhombic SRO structure can be 
described by the tilt system #10: a+ b− b− which defines the in-phase 
octahedral rotations about pseudo-cubic [100]c axis and mutually equivalent 
out-of-phase rotations about [010]c and [001]c axes.
36
 




Figure 1.2 Schematic diagram of the orthorhombic unit cell of SrRuO3.
37
 
With increasing temperature the orthorhombic phase transforms into a 
tetragonal structure with space group I4/mcm around 550°C, and at even 
higher temperature (around 680°C) the tetragonal SRO transforms into cubic 
structure typical for perovskite-type oxides space group Pm3m,
38
  as depicted 
in Fig.1.3. 
 




Figure 1.3 A sequence of phase transitions for bulk SRO. Grey, black, and 





The phase transition temperatures depend on the strain, and hence for epitaxial 
SRO films the choice of substrate plays important role. It was reported that the 
film exhibits distorted orthorhombic structure when it is under compressive 
strain, as in case with STO(001), whereas under tensile strain the film has 
tetragonal symmetry.
40
 The thickness of the films also affects the resulting 
structural phase. Chang et al. discovered that the crystal structure changes 
from orthorhombic to tetragonal below the critical thickness of 18 uc. 
41
 The 
origin of this effect is the suppression of the octahedral tilt near the substrate-
film interface. The phase transitions have been ascribed to the change of Ru-
O-Ru bond angle, determined by the tilting of the oxygen octahedral.  
1.2.2 Magnetic and transport properties of SRO 
Bulk SRO is a 4d transition metal oxide that exhibits itinerant ferromagnetism 
with a Curie temperature (Tc) of 160 K and a theoretically predicted saturation 
magnetic moment of 2 μB/Ru4+, which is different from the experimentally 
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observed 1.6 μB/Ru4+. The discrepancy was explained by the electron 
delocalization associated with itinerancy.
42
 SRO shows metallic resistivity 
(around 200µΩ). Strong spin-orbit coupling of the ruthenium atoms yields 
magnetocrystalline anisotropy. 
The physical characteristics of the epitaxial films, including their magnetic 
and transport properties, are strongly sensitive to small distortions of the unit 
cell, consisting of tilts and rotations of the RuO6 octahedral. Thus, Tc is lower 
in thin films (~150K) compared to bulk. 
1.3 ZnO 
Increased attention towards ZnO has been fueled by its prospects in 
optoelectronics, particularly as a transparent conducting oxide (TCO) 
electrode. Due to its high transparent conducting properties, it has many 
potential applications like light emission display devices, piezoelectric 
transducers, surface acoustic devices, optoelectronic devices, etc. 
1.3.1 Crystal structures 
ZnO is a II–VI n-type semiconductor with a wide band gap of about 3.3 eV at 
room temperature and large exciton binding energy (~60eV). ZnO crystallizes 
in three polymorphs with tetrahedral coordination: hexagonal wurtzite (WZ), 
cubic zincblende (ZB) and rocksalt. The ground state total energy and 
electronic structure of ZnO in these states have been calculated via first-
principle based on the density-function theory (DFT), employing two 
approximations: the local density approximation (LDA) and generalized 
gradient approximation (GGA).
43, 44
 The calculated cohesive energies that 
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showed the best agreement with experiment are: -7.692, -7.679, -7.455 eV for 
wurzite, zinc-blende and rocksalt respectively. This shows that WZ–ZnO with 
predominated (002) orientation that is commonly observed experimentally
45, 46 
is energetically preferable compared to zinc-blende and rocksalt, e.g. it is 
thermodynamically stable under ambient conditions. In contrast, ZB–ZnO 
phase is thermodynamically metastable.
47 
However, the energy difference 
ΔEWZ-ZB between two is quite small (13-15meV/atom), indicating the 
possibility of stabilizing the metastable ZB-ZnO phase. 
 




The WZ structure has a hexagonal unit cell with lattice parameters a= 3.2475 
to 3.2501 Å and c= 5.2042 to 5.2075 Å and belongs to P63mc space group. 
The calculated lattice constant for ZB-ZnO with space group F-43m falls in 
the range of 4.58-4.62 Å. The basic scheme illustrating both phases is shown 
in Fig 1.4 
Although it is a challenge to obtain single-phase ZB phase due to a tendency 
to form WZ subdomains within the ZB matrix, it is of experimental interest 
due its technological advantage over WZ crystalline phase. The higher 
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crystallographic symmetry of ZB structure is expected to pave the wave for 
the realization of ZnO electrodes due to its low carrier scattering and higher 
doping efficiencies, and ultimately high conductivity. As such, an in-depth 
study on the fabrication of ZB ZnO and its growth mechanism would be much 
value. 
1.3.2 Electrical properties of undoped ZnO 
Undoped ZnO is an n-type semiconductor due to the presence of native defects, 
such as oxygen vacancies (Vo) and zinc interstitials (Zni).
49, 50 
According to the 
first principle calculations
51
 Vo have at least 1.2 eV lower formation energy 
than Zni and thus expected to be more abundant in ZnO films grown in O-
deficient conditions, whereas Zni should dominate in O-rich conditions. 
However, more recent investigations suggest that unintentionally incorporated 
during growth or processing hydrogen is responsible for the n-type 
conductivity of undoped ZnO.
52
 
1.3.3 Role of hydrogen dopant in ZnO 
Hydrogen can be introduced into ZnO lattice in various different 
configurations: interstitial hydrogen (Hi), substitutional hydrogen (HO), hidden 
H2 molecules, and hydrogen complexes (H bound to native defects or 





 hydrogen plasma treatment
55




Experimental evidences that hydrogen behaves as donor when introduced into 
ZnO crystal lattice were obtained in early 1950s.
57,58
 These studies proved that 
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hydrogen incorporated in ZnO increased its conductivity. Theoretical 
simulations performed in 2000 confirmed the experimental results, revealing 
that H
+




, which means that 
hydrogen acts like shallow donor.
59
 It is generally agreed that H
+
 forms strong 
hydroxyl O-H bond with oxygen vacancies with length of about 1 Å. 
Moreover, the formation energy of H
+
 is low enough (only 1.56eV) to provide 
high solubility of hydrogen in ZnO and suppress formation of compensating 
defects. Hydrogen can be intentionally introduced into ZnO lattice as a doping 
element in order to improve its electrical conductivity. Hydrogenated ZnO 




 Ω cm or even 
10
-4
 Ω cm.60 
1.3.4 The influence of Al doping on ZnO properties 
Further n-type doping of ZnO can also be achieved by substitution of Zn
2+
 









. Doping with In appears to be the most efficient 
judging from the significant improvements in the electrical and optical 
properties of In-doped ZnO. However, indium is expensive and toxic. 
Alternative aluminum-doped zinc oxide (AZO) films show good optical 
properties - transmittance in the visible and near-infrared region, and large 
electrical conductivity values. The studies on AZO are numerous,
69,70
 though 
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1.4 Perovskite-based RRAMs 
FLASH and DRAM memories are the conventional standards in the current 
semiconductor industry, the use of which have been long established. 
However, these two technologies have certain well-known limitations, e.g. 
long write and erase times, high power consumption and low density storage, 
which severely limit their potential as future secondary memories.
71
 The 
necessity of miniaturization of memory elements for the next generation of 
data storage devices stimulates scientists to search for more promising 
candidates to replace the existing standard technologies. An instance of these 
emerging memories is resistive random access memory (RRAM), which 
promises to combine longer lifetime, lower power, and higher memory density. 
The working principle of such a device is straightforward: depending on the 
polarity of the applied voltage (or magnitude of the voltage in case of unipolar 
switching) it can be switched between the two resistance states, i.e. high 
resistance state (HRS) and low resistance state (LRS). Figure 1.5 illustrates a 
simplified electrical equivalent circuit that shows the contribution of the 
various layers to the electrical resistance of the memory device. Here RTE and 
RBE are resistances of the top and bottom electrodes respectively. The sum of 
two parallel resistances, i.e. resistance of the switching layer (RSL) and 
resistance of the conducting filaments (RFIL) linking two electrodes, forms the 
total resistance of the active (switching) layer: 
Rtotal=1/(1/RSL+1/RFIL)                    Eq. 1.1 
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Since RFIL>>RSL in OFF state Rtotal=RSL=ROFF. On the other hand, in ON state 
RFIL<<RSL and Rtotal=RFIL=RON. Moreover, since  RFIL<<RSL in general, then 





Figure 1.5 Electric circuit representation showing the memory in the a) ON 
and b) OFF states.
72
 
Although the resistive switching characteristics have been demonstrated in a 
broad range of materials,
73





, LPCMO, Pb(Zr1−xTixO3) (PZT), 
LiNbO3 (LNO), SrTiO3 (STO), and SrZrO3 (SZO),
78,79
 are seriously 
considered as potential switching layers for the non-volatile memory 
applications. Perovskites have strong correlation of electrons and stable crystal 
structure, which brings out multifunctionality such as ferroelectric, 
superconductor, multiferroic, and colossal magnetoresistance/electroresistance 
effect. Most importantly, the on/off resistance ratio of perovskite oxides can be 
very large, which is beneficial for the non-volatile storage elements. It has 
been reported that resistivity switching (RS) in ferroelectrics may not 
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necessarily be caused by ferroelectricity.
80
 Some of the underlying 
mechanisms elucidated in literature to date include ion migration, interface 
related electron-transfer reactions,
81,82,83
 and thermochemical reaction. 
Studying the properties of perovskite-type complex oxides with different 
conducting electrode structures might advance insight into the resistive 
switching mechanisms. Despite much research done in this direction, the 
physics of these perovskite-based heterojunctions remains unclear.  
1.5 Motivation and objectives 
As mentioned in Section 1.1 the right selection of electrode material may 
modify and enhance the performance of a device. Hence, the judicious choice 
of electrode material is of utmost importance in device design. Engineering of 
electrode materials via anisotropy modulation, phase transition and doping 
effect is essential as it enhances the main characteristics of the potential 
electrode, such as conductance, and/or adds up new functionalities. Hence, 
deeper understanding of the above-mentioned techniques is required for future 
applications. Furthermore, it is important to gain understanding of how an 
electrode of a given material behaves when integrated into a device. Here, our 
purpose is to perform a systematic study of the electric, magnetic, transport 
and optical properties of three potential metal oxide electrode materials, i.e. 
aluminum-doped ZnO (AZO), magnetite (Fe3O4) and strontium ruthenate 
(SrRuO3), fabricated via pulsed laser deposition technique. 
 
In any case, it is worthwhile to point out here the major gaps in the field that 
stimulated us to conduct this study. 
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1) Zinc-blende (ZB) ZnO has great potential to facilitate ZnO-based 
devices fabrication. However, there are numerous obstacles regarding 
ZB fabrication that still need to be overcome and insight into the 
growth mechanism is also lacking. Hence we set a goal to investigate 
the formation mechanism of ZB ZnO.  
 
2) Since Fe3O4 exhibits the interesting property of magnetic anisotropy 
it seems beneficial to explore the mechanism behind this phenomenon. 
It is also important to develop better understanding into the relation 
between anisotropy and the presence of APBs. 
 
3) Very little research has been done on perovskite-based 
heterojunctions, in particular, Fe3O4/Pb(Zr1−xTixO3) and 
AZO/Pb(Zr1−xTixO3). For instance, it is as yet unclear how the top 
electrodes Fe3O4 and AZO affect the performance of the capacitor-type 
PZT-based heterostructure. 
 
 In the attempt to fill these gaps, the specific objectives were stated: 
1) To conduct a systematic study on fabrication of monolayer oxide 
materials such as ZnO, AZO, Fe3O4 and SRO via pulsed laser 
deposition technique on quartz, MgO and STO substrates respectively. 
This choice of substrates was dictated by the low lattice mismatch in 
case of MgO and STO, in order to ensure the high crystallinity of the 
films. In case of ZnO films amorphous quartz was selected as a 
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substrate based on successful growth of high-textured ZnO/quartz in 
previous reports. 
  
2) To perform an in-depth systematic study on ZnO zinc-blende 
formation and the underlying mechanism. In addition, to look into the 
effect of ZnO doping with hydrogen and aluminium. 
 
3) To study magnetic anisotropy of ferroelectric Fe3O4, the role of 
substrate orientation and film thickness dependency.fabricated Fe3O4 
epitaxial films of various thicknesses on MgO substrates with different 
orientations. To prove that by using the substrates of different 
orientations and thereby, altering the substrate lattice strain the 
anisotropy manipulation in Fe3O4, thin films is possible. 
 
4) To prepare high quality SRO thin films on STO(001) substrate as 
conductive electrode for capacitor-like PZT-based heterostructures. To 
investigate electric, structural, magnetic and transport properties of the 
SRO thin films. To grow ferroelectric switching layer on top of 
SRO/STO heterostructure. 
 
5) To explore Fe3O4/PZT/SRO/STO and AZO/PZT/SRO/STO 
heterostructures for  RRAM applications. 
 
In conclusion, this thesis mainly focuses on three materials, namely Fe3O4, 
SRO and Al-doped ZnO, in terms of their application as electrode components 
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in perovskite-based devices. During the investigation of the three materials 
mentioned above, detailed analyses of their electric, magnetic and transport 
properties will be provided. Other types of electrodes are beyond the scope of 
the present study. 
The content of the thesis would be arranged as follows: in Chapter 2, the 
pulsed laser deposition method (PLD) used to prepare the samples will be 
introduced along with the multiple characterization techniques. In Chapter 3, 
we will present an in-depth investigation on ZnO formation and properties of 
ZnO zinc-blende crystalline phase. Chapter 4 we will discuss the magnetic 
anisotropy modulation of epitaxial Fe3O4 films on MgO substrates. Chapter 5 
will discuss the growth of ferroelectric layers on top of STO(001) substrates 
with SRO buffer layer. Chapter 6 examines the performance of Fe3O4, Al-
doped ZnO top electrodes for PZT/SRO/STO structures. Finally, the summary 
of results and recommendations for future work will be presented in Chapter 7. 
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Chapter 2 Thin films preparation and characterization techniques. 
 
This chapter offers a brief overview of the sample preparation procedure used in 
this work along with measurement techniques implemented for subsequent 
characterization of the fabricated films. Section 2.1 introduces pulsed laser 
deposition for thin films growth. The detailed description of deposition 
parameters and materials will be given later in the related chapters. Sections 2.2, 
2.3 and 2.4 describe techniques used for structural, electric and magnetic analyses, 
respectively. 
2.1 Pulsed laser deposition  
Pulsed laser deposition (PLD) is a highly versatile tool for fabricating a wide 
range of single and multilayer thin films of high structural quality. PLD emerged 
in the competitive complex oxide thin films arena in the 1960s and has become a 
mainstream in research laboratories.
1
 There are several major advantages of PLD 
over other deposition techniques. First, the probability of contamination is lower 
compared to, for instance, metal organic chemical vapor deposition (MOCVD), 
where fragments of the organic molecules transporting desired cations can end up 
in the film. Second, the experimental setup for PLD is quite simple and cost 
effective. Complex multilayer structures with quality comparable to those 
deposited via molecular beam epitaxy (MBE) are straightforward to grow within a 
single system at a much lower cost. Lastly, the ability to control multiple process 




disadvantages include “splashing” (e.g. deposition of particulates onto the 
substrate) and lack of plume uniformity over a large area. Despite the drawbacks, 
PLD remains a competitive technique for deposition of multicomponent oxide 
materials.  
2.1.1 PLD system setup 
The scheme of the PLD system setup used for depositing films for the current 
work is presented in Fig.2.1. It consists of a target holder and a substrate holder 
housed in a vacuum chamber.  
 
 




The chamber is attached to two pumps: turbo-molecular pump and mechanical 
diaphragm pump (oil-free roughing) in its foreline. The working gas pressure of 
the chamber is tuned by introducing foreign gases such as N2 or O2 through a 
flow-meter. Fine and coarse valves attached to a flow-meter are used to adjust 
flow rate. 
KrF excimer laser, operating at wavelength of 248 nm with a repetition rate 
ranging from 1 Hz to 50 Hz and pulse duration of about 23 ns, is used as an 
external energy source. The laser beam passes through a set of optical elements 
(lenses and optical mirrors) placed between the laser and the deposition chamber. 
These elements are meant to focus the beam on a corresponding point on the 
target to ensure that the required ablation energy density is achieved.  
A target carousel flange assembly that allows for mounting up to 6 targets is 
employed for in situ multilayer depositions. In order to provide uniform target 
consumption and ablation it is a common practice to rotate the targets during 
deposition. 
2.1.2 Mechanism of PLD 
Although PLD is straightforward conceptually and experimentally, the ablation 
process is a very complex. The whole process can be split into three separate 
regimes: (i) interaction of the laser beam with the target material resulting in 
evaporation of the surface layers; (ii) interaction of the evaporated material with 
the incident laser beam resulting in isothermal plasma formation and expansion, 






 In the first regime, the target material is irradiated by a laser beam 
electromagnetic energy converts into electronic excitation first, and later thermal, 
chemical and even mechanical energies causing evaporation, ablation, excitation, 
plasma formation and exfoliation. During the second regime the evaporated 
material - a mixture of evaporated atoms, molecules, ions, electrons and clusters - 
interacts with the incident laser beam resulting in isothermal plasma formation 
and expansion in a forward trajectory towards the substrate. After ablation in 
vacuum, the plume is very narrow and forward directed, almost no scattering 
occurs with the background gases. These highly energetic species impinge onto 
the substrate surface, either coalescing with other mobile particles for nucleation 
or re-evaporating from the substrate. Three mechanisms of possible film 
nucleation and growth have been proposed: 1) three-dimensional (3D) (also 
known as Volmer-Weber),
3
 2) two-dimensional (2D) layer-by-layer (Frank-van 
der Merwe)
4, 5
 and 3) 2D-to-3D ( Stranski-Krastinov)
6
 growth modes. 
2.2 Structural analysis 
2.2.1 X-ray diffraction (XRD) 
X-ray diffraction (XRD) is a non-destructive technique used to examine chemical 
composition and crystallographic structure of solid materials. When parallel 
incident x-rays interact with atoms they are scattered and produce secondary 
spherical waves emanating from electrons in the atoms. If the atoms are arranged 
in regular arrays, the waves will either interfere constructively, which would 




interference. Therefore, the diffraction occurs only when the Bragg’s law is 
satisfied: 
2 d sin θ = n λ                         Eq. 2.1     
where n is an integer number, λ is the wavelength of the incident x-ray, d is the 
inter-planar spacing of the diffracting plane, and θ is the angle of the incidence 
relative to the reflecting plane. 
 
Figure 2.2 Schematic representation of Bragg’s law.  
In this project, Bruker AXS D8 Advance X-ray diffractometer with 
monochromatic and CuKα radiation (λ=1.5418Å) was employed. The standard θ-
2θ scan mode was used to collect the crystallographic information, in which the 
sample was rotated by the angle θ whereas the detector was receiving rotation by 
2θ. Thus, the angle between the incident X-rays and sample surface equals to the 
angle between scattered X-rays and sample surface. θ-2θ scan mode is often used 





2.2.2 Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) is a powerful technique for structure 
characterization. In TEM an ultra-thin sample is irradiated with an electron beam 
of uniform current density. While passing through, the electrons interact with 
atoms of the specimen by elastic and inelastic scattering. Elastic scattering is a 
highly localized interaction process, while inelastic scattering is more diffuse, 
which allows for the high resolution of images.    
The TEM measurements for this work were conducted via JEM 2010F TEM 
model with operating voltage of 300 kV. Both conventional and high resolution 
TEM imaging is provided. The analytical objective lens pole piece on this 
microscope allows for sample tilting up to 30 degrees, yet maintains a point-to-
point resolution of 0.25 nm. Additionally, the microscope is equipped with EDX 
system, which helps in elemental composition analysis. 
TEM offers two methods of specimen observation: image mode and diffraction 
mode. The most common image mode is called “bright field” (Fig. 2.3a).7 In this 
mode the contrast formation is formed by occlusion and adsorption of electrons in 
the sample. Only the direct beam is selected by the objective aperture. The image 
is formed electron beam in the image mode transmits through the sample, so 
thicker regions of the sample, or regions with a higher atomic number, will appear 
dark, whereas regions with no sample in the beam path will appear bright. 
Another image mode is “dark field” mode. A dark-field image can be formed can 




diaphragm. For that either the objective diaphragm is shifted or the primary beam 
is tilted. In the diffraction mode the image is formed by selecting a specific 
diffracted beam placing an aperture in the back focal plane of the objective lens 
(Fig. 2.3b).  
 





From diffraction pattern, the inter-planer spacing can be derived using the relation:   




where dhkl is the inter-planer spacing for a particular set of reflecting planes {hkl}, 
R is the radius of a particular diffraction ring, λ is the wavelength of the electron 
beam and L is the distance between the sample and the back focal plane. If we can 
measure R and both λ and L are constants, then dhkl can be calculated. 
Another commonly used mode of TEM is high-resolution electron microscope 
(HREM) imaging. HREM images are interference patterns formed from the phase 
relationships of diffracted beams. They are very useful in studying atomic 
arrangements at interfaces and identifying individual defects in crystals. 
As mentioned earlier, the samples for TEM must be ultra-thin (thickness from few 
to 100µm) in order to be electron transparent. The sample preparation includes 
cutting, grinding, and ion milling. 
2.2.3 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 
chemical analysis (ESCA), is a spectroscopic technique used to identify the 
elemental composition, chemical and electronic state of the elements at the 
sample surface.
9
 In order to obtain the XPS scan, the surface of a solid is 
irradiated with soft (low energy) X-rays. Core-level electrons with binding energy 
lower than the X-ray energy will be excited during this process and emitted from 
the sample atom as a photoelectron. The number and kinetic energy of the emitted 
electrons is measured.  The electron binding energy of each of the emitted 





Eb = hv – (Ek  +ϕ)                              Eq. 2.3 
where Eb is the binding energy, hv is the energy of primary X-ray photons, Ek is 
the measured kinetic energy of the emitted electron, ϕ is the work function. 
XPS is a surface sensitive technique because only those electrons generated near 
the surface manage to escape and are detected. Thus, the measurements must be 
conducted in an ultrahigh vacuum < 10
-9
 Torr ambient. The average depth of 
analysis for an XPS measurement is 5-10 nm. In this project, XPS (ESCA LAB 
220i-XL) with Mg Kα (1253.6 eV) X-ray source was employed. 
2.2.4 SEM 
Scanning electron microscope (SEM) is a type of microscope that uses a beam of 
electrons in its image formation. It shares similarities with optical microscope, 
because electron optics is just the same as light optics. However, electrons unlike 
light are very strongly scattered by gases. This is why the column of the SEM is 
evacuated by pumps. In a typical SEM, electrons Electrons from a thermionic, 
Schottky or field-emission cathode are accelerated towards anode by a voltage 
potential in the range of 0.1keV-50keV. SEM has variable-focus lenses, and the 
distance between a sample and objective lens as well as the distance between 
lenses remain constant. Magnification in is determined by the value of the current 
(for magnetic lenses) through the intermediate and projector lens coils. The setup 
is illustrated in details in Fig.2.4. The types of signals produced by an SEM 




rays, light (cathodoluminescence) (CL), specimen current and transmitted 
electrons. 
 
Figure 2.4 Scanning electron microscope setup. BSE-backscattered electrons, SE-
secondary electrons, SC-specimen current, EBIC- electron-beam-induced current, 
X- x-rays and CRT-cathode-ray tube.
10
 
These signals result from the interaction of electron beam with atoms matter on 
different thicknesses. The most common imaging mode collects low-energy (<50 
eV) secondary electrons (SE) that are ejected from the k-shell of the specimen 
atoms by inelastic scattering interactions with beam electrons. Due to their low 
energy, these electrons originate within a few nanometers from the sample surface. 
The backscattered electrons (BSE) reflect from the elastic scatterings between 




image formed via BSE is of lower resolution, however, intensity of BSE is 
strongly related to the mass number of the sample. Thus, BSE along with the 
characteristic X-rays can provide information about elemental composition of the 
sample. Characteristic X-rays are emitted when the electron beam removes inner 
shell electron from an atom, which will cause a higher-energy electron to fill the 
shell and release energy. Cathodoluminescence (CL) is the emission of light by 
the excited atoms in the sample when they return to the ground state.CL detector 
in SEM provides the ability to show actual visible color features directly through 
the eyepiece. The SEM can also be used in transmission mode (STEM) due to 
transmitted electrons by placing a detector below a thin sample. 
In this study, Zeiss Supra 40 SEM system was used to study surface morphology 
of samples. 
2.2.5 Raman 
Raman spectroscopy is a spectroscopic technique based on inelastic scattering of 
monochromatic light, usually a laser source. Inelastic scattering means that the 
frequency of the incident light will change after interaction with molecular 
vibrations, phonons or other excitations in the sample. This interaction will result 
in the energy shift of the laser photons (Raman effect). This shift gives 
information on the vibrational, rotational, and other low-frequency modes in the 
system. If the incident photon transfers energy to the lattice in the form of phonon, 
the scattered photon constitutes the lower frequency Stokes radiation from the 




emerge as higher frequency anti-Stokes-shifted radiation. When the scattered light 
does not show changes in frequency then elastic scattering takes place, and this 
type of radiation is called Rayleigh radiation.
11
 This type of radiation is usually 
filtered out as the scattered light passes through a double monochromator during 
measurements.  The Raman-shifted wavelengths are detected by a photodetector 
and matched to known Raman shifts for peak identifications. 
 
Figure 2.5 Model of Stokes, anti-Stokes and Rayleigh scattering.
12
 
Raman scattering is a widely used technique for the characterization of 
semiconductor systems. In most of the experiments, the studied elementary 
excitations are phonons. Raman spectroscopy is able to provide as with 
information about defects in the crystal lattice. Phonon modes may occur in the 
Raman spectra which are symmetry-forbidden in an ideal crystal as typical crystal 




have their characteristic vibrational signatures. Raman peak broadening and 
shifting may also occur due to induced stress or the presence of defects. In this 
work Raman measurements were performed to obtain information on the 
structural changes in ZnO films after undergoing hydrogen annealing. 
In   this   project,  Raman   spectra   were   obtained   with   a   laser   Raman 
microprobes (Labram  HR800,    Jobin  Yvon  Horiba).  The spectra were 
obtained at room temperature with collection duration of 20 seconds and a step 
size of 0.5 cm-1. An argon laser with the wavelength of  514.6  nm  (green  light  
region)  was  used  as  the  source of excitation.  
2.2.6 Surface profilometer    
The thickness of films was measured via a surface profilometer. It measures the 
surface topography of a sample by dragging the  stylus  across  the  sample 
surface with a constant load. The fluctuations of the stylus height are recorded as 
a function of its position. The surface parameters such as peak-to-valley height 
and average roughness are calculated by software. It scans with a stationary stylus 
and a moving sample stage.  The  scan  speed  can  be  controlled  in the range 
from  1  um/sec  to  25  mm/sec.  The error of height measurement is higher than 
1 nm for the films with thicknesses below 200 nm. In this work, a KLA-Tencor P-






2.3 Transport and magnetic properties characterization 
2.3.1 Physical Property Measurement System (PPMS) 
Physical Property Measurement System (PPMS) was used in this work for 
transport properties measurements. Being a variable temperature-field system 
PPMS covers the range of temperatures from 2 to 400K, and fields up to ±9 Tesla.  
A variety of measurements can be performed via this system including 
temperature dependence, field dependence and field-angle dependence of 
resistance. Resistance bridge provides four independent channels by four-wire 
resistance measurements (up to three samples in a single sequence). Horizontal 
and vertical rotators with samples mounted on removable platforms can be 
employed to obtain information about angular dependence.  
2.3.2 Superconducting Quantum Interference Device (SQUID) 
In this project, a superconducting quantum interference device (SQUID) was used 
for the magnetic properties measurement (hysteresis loops, zero-field-cooled 
(ZFC) and field cooled (FC) magnetization curves). SQUID is a sensitive 
magnetometer commonly used to measure magnetization in a wide range of 
temperatures from ~4 K to 400 K. DC SQUID consists of two superconductors 
separated by thin insulating layers to form two parallel Josephson junctions. 
SQUID utilizes the properties of Josephson junctions to detect changes in applied 
magnetic flux.
13
 When a constant current is maintained in the SQUID device, the 
measured voltage oscillates with the changes in phase at the two junctions, which 




allows evaluating the flux change which has occurred. As such, SQUID can be 
used to measure a very small magnetic moment as its sensitivity can reach up to 
10-8 emu. In this project, a SQUID system (Quantum Design, MPMS XL-5) was 
employed. Obtained data for the films were corrected by subtracting the 
diamagnetic signal from the sample holder and substrate 
2.3.3 Vibrating sample magnetometer (VSM) 
The vibrating sample magnetometer (VSM) is an instrument invented by Simon 
Foner in 1955
14
 for measuring magnetic properties of materials. The physical 
principle of VSM is based upon Faraday’s law of electromagnetic induction, 
which states that the voltage V(t) induced in an electrical circuit is proportional to 
the  rate of change of magnetic flux dφ/dt through the circuit: 
V(t) = - C·dφ/dt                       Eq. 2.4 
A simplified schematic representation of the VSM is given in Fig. 2.6. A sample 
is centered between two electromagnets that generate a uniform magnetic field; a 
magnetic moment will be induced in the sample. After that the sample is made to 
undergo sinusoidal motion, i.e., mechanically vibrated. The resulting magnetic 
flux changes induce a voltage in the two sensing, or so called “pick-up”, coils 
mounted on the poles of the magnet. This voltage is proportional to the magnetic 






Figure 2.6 Schematic representation of VSM setup.
15
 
In this study, magnetic properties (hysteresis loops) were measured using the 
VSM (Lakeshore 7407) with the applied field up to 20 kOe at room temperature. 
SQUID was used for the low temperature measurements, such as FC/ZFC and 
low temperature M-H measurements, whereas all magnetic loops measured at 
room temperature in this work were obtained via VSM. 
2.3.4 Resistivity and Hall mobility measurements 
Hall effect measurement is the most widely used technique for determining the 
transport properties, e.g. carrier density, electrical resistivity, and the mobility of 
carriers, in semiconductors. Hall effect was discovered in 1879 by Edwin H. Hall, 
when he noticed that a small transverse voltage appeared across a current-carrying 
thin metal strip in an applied magnetic field.
16
 Experimental data measured over 




scattering mechanism, uniformity and other properties of the films. Resistivity (ρ) 
and Hall coefficient (RH) are usually extracted from the experimental data and 
then related to the electrical parameters through Eq. 2.5 and 2.6 
RH  = rH / n e                  Eq. 2.5 
µH = RH / ρ                     Eq. 2.6 
All Hall measurements for this study were performed at RT using the standard 
van der Pauw technique.
17, 18
 This technique, due to its convenience, is often used 
to determine the resistivity of uniform samples. As originally devised by van der 
Pauw, one uses an arbitrarily shaped thin-plate sample containing four very small 
ohmic contacts placed in the corners of the plate (Fig.2.6). The objective of the 
resistivity measurement is to determine the sheet resistance RS. According to Van 
der Pauw there are two characteristic resistances RA and RB, related to the sheet 
resistance RS through the following formula: 
exp (-πRA/RS) + exp(-πRB/RS) = 1       Eq.2.7 
where RA = V43/I12 and RB = V14/I23 
The average electrical resistivity ρ can be calculated using Eq. 2.8: 
ρ = RSd          Eq. 2.8 





Figure 2.7 (a) Resistivity and (b) Hall effect measurements by the van der Pauw 
method. 
For the Hall coefficient measurements, current is injected between two contacts 
placed at diagonally opposite corners. The voltage change VH between them is 
measured as the constant magnetic field is applied perpendicular to the sample 
surface. Figure 2.6 (b) demonstrates this configuration. Hall coefficient can be 
then calculated using the following equation: 
RH = VH d / I B        Eq.2.9 
where RH is the Hall coefficient and e is the elementary charge. 
2.4 Ferroelectric measurements 
As mentioned in the previous chapter, the occurrence of a ferroelectric hysteresis 
(P-E) loop is due to the spontaneous polarization, which can be switched by an 
applied electric field. To measure the P-E loop of a ferroelectric material, voltage 




polarizations are calculated by integrating the charge transferred during the 
domain switching at different voltages. 
In this project, a Precision Premier II Ferroelectric Tester (Radiant Technologies, 
Medina, US) was used to characterize the ferroelectric properties of the samples. 
2.4 Resistive switching measurements 
It has been confirmed that ferroelectric switching correlates with another 
important phenomenon - resistive switching. Resistive switching is the property 
of a device to change its resistance in a nonvolatile fashion (no change for a 
retention time) upon applying electrical stimuli. As a result, low and high resistive 
states are obtained. The early reports on resistive switching emphasized the 
negative differential resistance (NDR) occurring in the I-V characteristics of the 
metal-insulator-metal structures. In case of NDR a negative slope of its I-V curve 
is observed, e.g. the current is a decreasing function of the voltage. Multiple 
explanations to the phenomenon have been suggested. However, the mechanism 
of resistive switching remains unclear and highly dependent on multiple 
parameters, including electrode material, active layer material, etc.   
In this project, the resistive switching measurements of all heterostructures was 
carried out in a Physical Property Measurement System (PPMS; Quantum Design) 
chamber under helium atmosphere at partial pressure below 10torr with a source-






Photoluminescence (PL) is a non-destructive technique for analyzing the 
electronic structure of semiconductor materials. During the PL measurement a 
sample is irradiated with a light source that provides photons with energy larger 
than the bandgap energy of the sample. The photons will be absorbed which 
would lead to valence electrons of the material to be excited from valence band to 
conduction band (photoexcitation). The excited electrons then will dissipate 
excess energy through lattice scattering and drop down to the lowest energy level 
in the conduction band. The energy released in the form of photons is 
luminescence. Photoluminescence is used to identify the bandgap energy of a 
material and study the possible structural defects, impurity levels and material 
quality. 
In this project, PL analysis at both room temperature and low temperature was 
conducted by a J-Y Horiba Labram HR800 system using a He-Cd laser with the 
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Chapter 3 Zinc oxide: a potential metal oxide  
electrode material. 
In the next three chapters we provide an overview of the prominent properties 
of three potential oxide electrode materials for non-volatile memory device 
fabrication: AZO，Fe3O4 and SrRuO3. Chapter 3, Section 3.2 sheds light on 
the formation and physical properties of undoped ZnO in two crystalline 
modifications: wurzite and zinc-blende. Sections 3.3 and 3.4 present 
information on the structural，electric and optical properties of hydrogen 
annealed and Al-doped ZnO respectively. Finally, Section 3.5 closes the 
discussion with a comparison of structural, electric and optical properties of 
AZO before and after hydrogen annealing.  
3.1 Introduction 
Recently, there has been increasing interest in transparent RRAMs (TRRAMs) 
for novel applications such as transparent electronic systems with see-through 
memory. A TRRAM cell has a capacitor-like configuration: an active layer 
with a wide bandgap, which allows visible light to pass through, is sandwiched 
between two transparent electrodes. Tin doped indium oxides (ITOs) have 
been extensively used as electrode material in these kinds of structures due 
their high conductivity and transparency over the visible range, as well as high 
work function.
1, 2
 However, ZnO thin films doped with impurities, such as Al, 
Ga, In, and Zr, with their lower manufacturing costs at comparable levels to 





3, 4, 5 
In addition, ZnO is environment friendly, chemically 
and thermally stable. 
 
The results of density functional theory and total energy calculations predict 
that hydrogen acts as a shallow donor in ZnO,
6
  while some experimental 
results claim that the improved conductivity of the films is the result of  
hydrogen treatment
7
. Moreover, it was reported that ZnO hydrogenation can 
alter not only electronic but also the optic properties of the films.
8
  
Doping ZnO with group II and group III elements, as mentioned earlier, has 
also been actively studied, as it is an efficient method to increase the 
conductivity, transparency and stability of ZnO films. Compared to films 
doped with other elements, Al-doped ZnO (AZO) shows the lowest electrical 
resistivity at 1.43-2.2×10
-4 Ω·cm, which is similar to that of ITO.9,10  Based on 
multiple studies on the behaviour of ZnO as a function of doping with Al, the 
optimum value of resistivity without reducing the transparency of the material 
can be achieved at ~4 at.%.
11, 12  
    
In this chapter we first study the formation and physical properties of undoped 
ZnO, particularly its metastable cubic phase zinc-blende that is of practical 
interest for electronic device applications. Thereafter we discuss the effect of 
hydrogen annealing on the properties of ZnO thin films. Subsequently, we 
compare electric and optical properties of 4 at.%  Al-doped ZnO (AZO) with 







3.2 Undoped ZnO: metastable zinc-blende vs. conventional wurzite 
crystalline phase 
Group II-VI compound semiconductor zinc oxide (ZnO) crystallizes in two 
main polymorphs with tetrahedral coordination: hexagonal wurtzite (WZ) and 
cubic zinc-blende (ZB). WZ-ZnO with predominated (002) orientation is 
commonly observed experimentally
13
 as it is thermodynamically stable under 
ambient conditions. In contrast, ZB-ZnO phase is thermodynamically 
metastable. 
14







 and other substrates by applying 
various synthesis techniques, such as metalorganic, sol-gel, molecular-beam 
epitaxy, etc. However, most of the obtained ZB-ZnO thin films reveal a 
mixture of phases which comprises both WZ and ZB phases separated by 
crystallographic defects. In some cases, secondary phases (e.g. ZnS, Zn2TiO4, 
etc) are present in the ZB-ZnO film, depending on sample preparation 
technique. It is a materials challenge to obtain single phase ZB phase due to its 
tendency to form wurtzite subdomains within the zinc-blende matrix, even 
though such a structure has several technological advantages over wurtzite.  
 
Due to its unique excitonic properties (the largest exciton binding energy of 
60meV) ZnO is a promising material for the high performance short-
wavelength light emitting diodes for displays, solid-state illumination and 
photodetectors.
18
 To create barrier layers and quantum wells ZnO 
heterostructures are formed with CdO and MgO or ZnO alloys with these 




compatible with WZ ZnO.
19
 This structural mismatch can be overcome if ZB 
ZnO phase could be achieved.
20
 Another obstacle to the realization of the LED 
is the difficulty related to p-type doping of ZnO. ZB ZnO phase was predicted 
to possess higher p-type doping efficiencies due to its higher crystallographic 
symmetry compared to WZ.
21
 ZB ZnO is also expected to have larger 
refractive index of 2.49 compared to WZ phase which is 2.0. The high 
refractive index can reduce internal reflections and allow enhanced light 
extraction in ZnO-based LEDs. In optoelectronics, with ZnO being the most 
adaptive candidate for stable room temperature polariton operation,
8-14
 ZB-
ZnO laser microcavities can be easily fabricated along the <110> directions 
together with the substrate that will lead to higher optical gain.
22
 On top of that, 
ZB ZnO is expected to have lower carrier scattering which is beneficial for the 
transparent electrode applications.  
 
These advantages have thus stimulated many attempts to prepare ZB-ZnO 
films.
15-17,23
 However, the growth of ZB-ZnO is difficult to achieve, and the 
underlying mechanism of the zinc-blende formation remains unclear. In this 
chapter, we report the fabrication of ZB-ZnO thin films on Pt/Ti/SiO2/Si 
substrates, and also propose growth mechanisms. The films transform from 
wurtzite to zinc-blende phase under 900C heat treatment, which is attributed 
to Ti out-diffusion and Pt underlayer effect. A clear Ti-doped zinc-blende 
structure, (ZnOxTi1-x)O, has been identified by high resolution transmission 
electron microscopy (HRTEM) and x-ray diffraction (XRD) analysis. The first 
principles calculations support our experimental observations. Furthermore, 




band gap, and 2) higher magnetization compared to WZ-ZnO. Our findings 
pave the way to the realization of ZB-ZnO based devices.  
3.2.1 Experimental 
ZnO films with thickness of ~20nm and ~200nm were grown on 
Pt(150nm)/Ti(50nm)/SiO2(300nm)/Si substrates under oxygen partial pressure 
of 8×10
-4 
Torr using PLD technique. Relatively low deposition temperature of 
200°C was used to circumvent Ti out-diffusion process during the deposition 
while maintaining the good crystallinity of the as-prepared films. 
Subsequently, the samples underwent annealing process in the 600-1000C 
range for 8 hours in open air.  
 X-ray diffraction (XRD) measurements were performed on Bruker AXS D8 
Advance X-ray diffractometer using CuKα radiation (λ=1.5418Å). The 
microstructure properties of the films were studied by high resolution 
transmission electron microscopy (HRTEM) using a JEOL 100 CX instrument 
(200 kV). The cross-sectional specimens for TEM study were thinned by 
mechanical grinding and ion milled to achieve the electron transparency. The 
Photoluminescence (PL) spectra were recorded by means of iHR320 Horiba 
Jobin-Yvon photoluminescence spectroscope under excitation of HeCd laser 
(325 nm). The magnetic properties of the samples were measured at room 
temperature using a vibrating sample magnetometer (VSM) manufactured by 
the Lakeshore company. The magnetic field of 6 Tesla was applied in-plane of 
the films. In order to have a better understanding of the origin of 




of various thicknesses (from 20 to 600 nm) was prepared under identical 
deposition conditions and annealed at 900°C. 
 
To gain further insight into the formation mechanism of zinc-blende (ZB), 
first-principles calculations were performed using Vienna Ab-initio 
Simulation Package (VASP)
24, 25, 26  
based on density functional theory (DFT). 
All simulations done with VASP use plane-augmented wave (PAW) gradient-
generalised approximation (GGA) Perdew-Burke-Ernzehof
27
 (PBE) 
parameterized pseudopotentials.  
A supercell of 3×3×2 was employed in this work for bulk calculation. Cut-off 
energy was set at 550 eV for the plane-wave basis. In all calculations, ionic 
relaxations were performed until forces on all ions were < 0.02 eV Å
-1
, while 
self-consistent accuracy of <10
-4
 eV was achieved for electronic loops. K-
point mesh densities were varied with the default VASP-generated Γ-centered 
Monkhorst-Pack grids 
28
 as the lowest density used. Atomic visualisations 
were done using VESTA.
29
 
3.2.2 Structure characterization 
  Figure 3.1(a) shows typical XRD patterns of ZnO films (both 20 and 200 nm) 
with a prominent wurtzite (002) peak. After annealing at 600°C, 700°C and 
800°C, ZnO films retained their ZnO wurtzite phase with no detection of 
secondary phases. Beyond 900C a notable phase change is observed. As 
revealed by the XRD study, the films are found to possess different phases and 
composition (Figures 3.1b and c). The XRD spectrum for the thin ZnO films 




(002) peak, 2) disappearance of any WZ-ZnO related peaks, and 3) absence of 
zinc titanate related secondary phases (Figure 3.1c). Instead the diffraction 
pattern for these films revealed ZB-ZnO (102) peak at 43.80° and ZB-ZnO 
(202) peak at 56.61°, which is consistent with previous reports 
17
. These 
results clearly indicate the formation of ZB-ZnO after 900C open air heat 
treatment. Furthermore, the lattice constant of ZB-ZnO film appears to be 
~4.64Å, which agrees with its theoretical ZB-ZnO values.  
 
Figure 3.1 (a) The XRD study of as-prepared ZnO films (both 20 nm and 200 
nm) showed the well-defined patterns that correspond to WZ-ZnO structure 
with predominated (002) orientation. (b) In 200 nm film, the mixture phases of 




(c) (002) peak vanished after 900C open air annealing for the 20 nm film. It 
was accompanied by the appearance of two peaks identified as zinc-blende 
ZnO. Pt-Ti phase (marked by “*”) formed after annealing, indicating the out-
diffusion of Ti. The Pt substrate peaks are marked by “#”.  
 
In contrast, the thick (200 nm) ZnO films annealed at 900C showed the 
presence of multiple phases such as ZnO wurtzite (WZ-ZnO), ZnO zinc-
blende (ZB-ZnO) and zinc titanate (Zn2TiO4), as shown in Figure 3.1(b). 
Unlike the thin ZnO films, the thick films had the predominant WZ-ZnO (002) 
peak. The formation of the Zn2TiO4 phase can be explained by the out-
diffusion of titanium (Ti) into ZnO under high temperature. 
 The proof of the out-diffusion of Ti ions through Pt(111) layer was provided 
by Kim et al.
17
 In their paper Auger electron spectroscopy measurement was 
performed on a ZnO/Pt(111)/Ti/SiO2/Si sample which underwent annealing at 
800°C for 1 hour at oxygen atmosphere. The results showed the presence of Ti 
ions on the much smaller depth than initially was expected. The authors 
concluded that the Ti diffusion took place and resulted in the structural change 
of the Pt substrate. In our case the annealing temperature was even higher 
(above 900°C), thus a similar scenario happened. It should be mentioned that 
Pt-Ti phases (marked by “*”) were detected after annealing. The same phases 
were observed in the XRD scans of the Pt/Ti/SiO2/Si substrates without films 
annealed under identical conditions. Figure 3.2 demonstrates the XRD scan of 





Figure 3.2 XRD scans of a Pt/Ti/SiO2/Si substrate before and after 900C 
open air annealing. 
 
To gain further insight into phase formation of ZB-ZnO and Ti out-diffusion, 
cross-sectional transmission electron microscopy (TEM) imaging was 
performed. Figures 3.3(a) and (b) show the TEM images of the 20 nm 
annealed ZnO film. The results demonstrate well oriented (202) plane with its 
interplanar distance of 1.66 Å, which corresponds to ZB-ZnO structure. In 
contrast,   the as-prepared ZnO film exhibits interplanar distance of 2.6 Å that 
refer to WZ-ZnO structure as shown in Figure 3.3(c). In addition, Ti 
concentration of the samples at various depths was examined by energy-
dispersive spectrometer (EDS) attached to the TEM system. The values shown 
in Figure 3.3(a) are average Ti concentrations, estimated based on multiple 
measurements throughout the respective regions of the ZnO and Pt layers. 
Four regions have been selected: (1) top of the ZnO layer, (2) middle part of 
ZnO layer, (3) top of Pt layer and (4) middle part of Pt layer. The contribution 
from Cu (from sample holder) and Si (from the substrate) was taken into 




reduced in a bottom-up direction. Figure 3.3(a) indicates that the average Ti 
concentration is ~12.5% in Pt substrate, while it reduces to ~ 10% in the ZB-
ZnO film (position 2). Approaching the surface of the ZB-ZnO (position 1), 
the Ti concentration is ~9%. In subsequent discussions, we denote our ZB-
ZnO films as ZB-(ZnxTi1-x)O due to the incorporation of Ti in the film. It is 
important to emphasize that no Ti element was detected in either as-prepared 
ZnO film or Pt layer prior to the annealing. This result provides direct 
evidence that Ti-ions have out-diffused after the annealing which is in 
agreement with the XRD data.  
 
 
Figure 3.3 (a) The cross sectional transmission electron microscopy (TEM) 
image of 20 nm ZnO film on substrate after 900°C open air annealing. The Ti 
concentration at position 1, 2, 3 and 4 is ~9, ~10, ~12, ~13% respectively, 
affirming the out-diffusion of Ti after annealing. (b) The corresponding high 
resolution TEM (HRTEM) image of ZB-(ZnxTi1-x)O film, showing the well 
oriented (202) plane with its interplanar distance of  ~1.66 Å. (c) The HRTEM 
image of as-prepared ZnO film, the well oriented (0002) plane with interplanar 
distance of ~2.6 Å. 
 
Apart from the variation in structural properties, the WZ-ZnO and ZB-(ZnxTi1-






further investigate, low temperature (5K) photoluminescence (PL) was carried 
out to examine the optical properties of the WZ-ZnO and ZB-(ZnxTi1-x)O. The 
as-prepared WZ-ZnO film demonstrates the strongest near band edge (NBE) 
emission peak due to neutral donor bound exciton (DoX) centered at 3.36 eV 
as shown in Figure 3.4. It is accompanied by two electron satellite (TES) of 
DoX at ~3.32 eV. Three other peaks are longitudinal optical (LO) phonon 
replicas, separated by 0.071-0.073 eV 
30
 and associated with free and bound 
excitons. The annealed ZnO film, however, presents different behaviour.  It 
was found that DoX peak of ZB-(ZnxTi1-x)O film was shifted to lower energy 
regime by ~0.034eV compared to its WZ-ZnO counterpart, demonstrating the 
reduction of optical bandgap after annealing. It is noted that our experimental 
bandgap narrowing value (~0.034 eV) is in the same order as the theoretical 
value 
31
. The bandgap reduction phenomenon is commonly observed in the 
WZ to ZB transformation process 
17
 which re-affirms the formation of zinc-





Figure 3.4 The low temperature photoluminescence (PL) of (a) as-prepared 
ZnO film (wurtzite phase) and (b) ZB-(ZnxTi1-x)O film after annealing. 
 
Based on our structural analysis, Ti dopant certainly plays an essential role in 
the transformation of wurtzite into zinc-blende phase. However, recent reports 
show that Ti doping in ZnO does not necessarily lead to the formation of zinc-
blende phase. 
32
 It has been shown that ZnO zinc-blende phase can be formed 
neither by intentional doping of Ti into ZnO 
33
 nor using Ti or TiO2 as an 
underlying layer. 
34
 These results clearly show that the use of Pt underlayer 
may yet play another important role in the formation of ZnO zinc-blende 
phase.  
 
To understand the underlying growth mechanism of ZB-(ZnxTi1-x)O, first 
principles calculations were performed. First, we evaluate the role of Ti ions. 




were selected depending on which Zn atoms are substituted and “doped” with 
Ti at similar substitution levels. Some examples of modeled cells are shown in 
Figure 3.5(a, b, c). The formation energies of Ti doped ZnO as a function of Ti 
concentration, ranging from ~3 to ~25%, were then calculated. 
 
(a) 1/2 -substitution, layers  (b) 1/4 -substitution, dispersed   (c) 1/8 substitution, clusters 
 
Figure 3.5 Example models of Ti-substituted ZnO (blue-Ti, grey-Zn, red-O). 
 
The formation energy increases with the increase of Ti concentration in ZnO 
(Fig. 3.6(a)). The results suggest that it is possible to form ZB-(ZnxTi1-x)O 
when the ratio of TiZn is <10 %, and the formation is unlikely when Ti 
concentration is >10%. As shown in Figure 3.6(b), the undoped ZnO has 
positive transformation energy (ET), indicating that spontaneous 
transformation from WZ- to ZB-ZnO is impossible. Interestingly, the 
substitution of Ti (~5-10%) into ZnO lowers the transformation energy to a 








Figure 3.6 (a) Formation energy of TiZn in WZ- and ZB-ZnO as a function of 
Ti concentration. Reference energy was set as the energy of most stable phase 
of WZ-ZnO.  Inset: atomic structure of WZ-(Zn0.5Ti0.5)O and ZB-
(Zn0.75Ti0.25)O cell. (b) Transformation energy ET from WZ-ZnO to ZB-ZnO 
structure as a function of Ti concentration.  
 
Since the formation energy of ZB-(ZnxTi1-x)O has a positive value (see 
Fig.3.6(a)), the structure is likely to decompose into energetically favorable 
mixture phases (e.g. WZ-ZnO, ZB-ZnO, Zn2TiO4, etc). It agrees with our 




mixture phase after annealing. To prevent the growth of the mixture phase, 
zinc-blende phase should be further stabilized. According to our findings, 
interface energy between ZnO and Pt substrate is another factor that 
contributes to ZB-ZnO formation.   
Our experimental data clearly demonstrate that the Pt underlying layer is 
essential for zinc-blende phase formation. The experimental XRD spectra 
revealed that (001) alignment is typical for ZnO wurtzite film, (101) 
orientation predominates in ZnO zinc-blende, and that Pt has predominant 
peak of (111). Based on these results, we built a model for structural 
simulation of WZ-ZnO and ZB-ZnO on the Pt (111) surface. Figure 3.7 
demonstrates the modelled structures used for the simulation. WZ- and ZB- 
ZnO layer was built on a 6-layer Pt (111) substrate and a vacuum layer 
separation about 10 Å thick. The 3 bottom layers of the Pt substrate were fixed 
while the other atoms were allowed to relax. The average adsorption energy 





Figure 3.7 Models of wurzite (WZ) (001) and zinc-blende (ZB) (101) ZnO on 
6-layer Pt substrates. (a), (b) side view and (b), (c) top view. Zn atoms are 
presented in grey colour, O atoms are red. 
 
 
 Our calculation results reveal that the surface energy of the Pt(111) alone was 
found to be 2.39 Jm
-2
 which concurs with the  previous reported value. 
35
 Both 
ZB and WZ phases appear to approach the bulk cohesive energy value as the 
thickness of ZnO layer is increased. It is noted that the WZ-ZnO film has 
lower adsorption energy (-7.2 eV) than that of ZB-ZnO (-6.8 eV). Consistent 
with what has been reported, our experimental results show that the as-
deposited layer is of wurtzite phase regardless of thickness.  
 
The presence of Zn2TiO4 is considered in our subsequent modeling, as it was 




Zn2TiO4 (111) monolayer on Pt (111) was also carried out, following our 
XRD observation of the Zn2TiO4 (111) peak. However, the model built did not 
retain its structure and the calculation did not converge. The lack of 
convergence suggests that this is an unstable configuration. Regardless, a 
series of fixed calculations was done to obtain a rough estimation for its 
energy -2.44 eV per atom. Discounting the surface energy of 2.5 J m
−2
 
reported earlier an estimated value for the Pt-Zn2TiO4 interface energy is 
about 0.79 eVÅ
−2
. Based on our model, positive formation energies were 
observed for the bulk Ti-substituted form of ZnO, indicating that bulk Zn2TiO4 
is more stable, which agrees with earlier reported results.
36
 However, in the 
case of thin film, ZnO/Pt(111) has a lower interface energy than 
Zn2TiO4/Pt(111). Simulations with Zn2TiO4 films on Pt (111) indicate that it is 
unstable. Whereas ZnO is more likely to be adsorbed onto Pt(111) and hence 
has a lower interface energy than Zn2TiO4. Thus, in a ZnO/Ti environment on 
a Pt(111) substrate, there exists a critical (equilibrium) thickness above which 
Zn2TiO4 is stable compared to Ti-substituted ZnO. Which means that below 
the critical thickness, the single phase ZB-(Zn1-xTix)O film can be obtained. 
Above the critical thickness, the mixture phase of WZ-ZnO, ZB-(Zn1-xTix)O 
and Zn2TiO4 will be formed.   
 As shown in Figure 3.8, the estimated thickness is inversely proportional to 
the concentration of Ti and demonstrates a phase boundary between single 
phase of ZB-(Zn1-xTix)O and mixture phases of ZB-(Zn1-xTix)O, Zn2TiO4 and 
WZ-ZnO. The critical thickness was calculated based on the Pt-Zn2TiO4 
interface energy of 0.79 eVÅ
 −2
 given earlier along with the relative bulk 




for the formation of ZB-(Zn1-xTix)O on Pt substrate is estimated to be ~ 10 nm 
for Ti concentration in the range of 5-10%. This is consistent with 
experimental results (film thickness ~20nm with Ti concentration of ~ 10%). 
 
Figure 3.8 Equilibrium thickness TE as a function of Ti concentration (%) 
demonstrates two distinct regimes. Below the equilibrium thickness (pink 
region), the single phase ZB-(Zn1-xTix)O is formed. In contrast, the mixture 
phases of ZB-(Zn1-xTix)O, Zn2TiO4 and WZ-ZnO are formed above the 
equilibrium thickness (light blue region). 
 
3.2.3 Magnetic properties 
Another striking characteristic of ZnO zinc-blende phase is its unexpectedly 
high magnetization. Figure 3.9(a) shows the magnetic hysteresis loops of 20 
nm thick WZ-ZnO and ZB-(Zn1-xTix)O films. Our ZB-(Zn1-xTix)O film 
exhibits saturated magnetization of ~75 emu/cm
3
. However, no magnetization 




ferromagnetism observed in annealed Pt substrate, confirming that the 




Figure 3.9 (a) The room temperature magnetic hysteresis loop of 20 nm thick 
as-prepared WZ-ZnO film and 900C annealed ZB-(Zn1-xTix)O film. (b) The 




) of the annealed 
ZnO films.  
 
In order to have a better understanding of the origin of ferromagnetism in ZB-
(Zn1-xTix)O phase, a series of as-prepared ZnO film with various thicknesses 
(from 20 to 600 nm) were annealed at 900C in open air. The VSM results 
(Fig. 3.9(b)) show that magnetization value normalized by volume (volume 
magnetization) increases with a decrease in thickness. The saturated volume 
magnetization is ~75 emu/cm
3
 for 20nm, as compared to ~2 emu/cm
3
 for 650 
nm film. The magnetization was also normalized by area (areal magnetization). 
Surprisingly, no significant change in areal magnetization was observed, 
regardless of thickness. These results suggest that the observed 




Pt interface. Once the films become thicker, the mixture phase of WZ-ZnO 
and Zn2TiO4 will then grow on top of the ZB-(Zn1-xTix)O layer.  
For the Ti-substitution simulations isosurfaces of net spin were plotted and 
magnetic effect observed. The results showed that 12.5% substitution of Ti 
into ZB-ZnO will result in ZB-(Zn1-xTix)O gaining a net magnetic moment. 
Although this value is higher than the one expected based on experimental 




In summary, since zinc-blende (ZB) ZnO was predicted to possess higher 
doping efficiency and higher electron mobility compared to wurtzite (WZ) 
ZnO, pure phase is preferred for transparent electronics. However, ZB phase 
of ZnO is metastable at room temperature, thus it should be stabilized. Here 
we prepared a zinc-blende phase of Ti-doped ZnO, ZB-(Zn1-xTix)O thin film 
by controlling the thickness, Pt/ZnO interface energy, Ti out-diffusion effect 
and annealing effect. Below the critical thickness of 20nm, the WZ-ZnO phase 
on Pt/Ti/SiO2/Si substrate transforms into ZB-(Zn1-xTix)O phase after 900C 
annealing. Above its critical thickness, the mixture phase of wurtzite, zinc-
blende and zinc titanate (Zn2TiO4) forms. Based on our calculations, the out-
diffusion of Ti into ZnO favours the formation of zinc-blende phase. When the 
film is thin (< 20nm), the presence of Pt substrate further stabilizes the zinc-
blende structure formation. Hence, based on the experimental and 




film/substrate interface (in our case ZnO/Pt) are key factors in ZB phase 
formation and stabilization. 
 
Although ZB-(Zn1-xTix)O phase has been achieved on Pt/SiO2/Si substrates 
after annealing in air at high temperatures, the method has drawbacks. First, 
the necessity to anneal the sample for 8 hours at 900°C makes the process 
time-consuming and not cost effective. Second, Pt/SiO2/Si substrates may not 
be suitable for some applications, as they are not transparent. Quartz substrates 
substituted Pt/SiO2/Si as they are transparent and cheap. As zinc-blende 
fabrication method needs some modifications, we had to find an alternative 
solution to build an electrode with suitable characteristics for the RRAM 
prototype PZT-based heterostructure, discussed in Chapter 6. 
 
3.3 Hydrogen annealed ZnO thin films. 
As mentioned earlier, hydrogen treatment, such as post-deposition annealing 
in hydrogen or hydrogen plasma treatment is capable of altering the structural, 
electrical and optical properties of ZnO thin films.
37, 38
 Substantial 
improvement of electrical properties - in particular, reduced resistivity in the 
undoped
39
 and Al-doped ZnO
40, 41
 thin films after heat treatment in hydrogen 
atmosphere - is favourable for its integration as an electrode material for 
optoelectronic and electrochromic devices. While previous studies focus 
primarily on the post-deposition annealing parameters, such as temperature, 
time, gas flow, etc., we set out to study how pre-hydrogenation preparation 






To investigate the influence of preliminary growth conditions of ZnO thin 
films on their properties after hydrogenation, two different sets of conditions 
for sample preparation were adopted. Two sets of ZnO films with thicknesses 
varying in the range 500-700nm were grown via PLD on z-cut quartz 
substrates. For the first set, the deposition took place at room temperature 
without oxygen supply under ultra-high vacuum of 10
-7
mbar. The second set 
was grown at 350
o
C at oxygen partial pressure 2x10
-4
mbar. The energy 
density on the target was kept at approximately 1.9 J cm
−2
 with laser repetition 
rate of 5 Hz. 
 The subsequent hydrogenation process was carried out in a tube furnace. Prior 
to annealing, a constant flow of gas mixture of Ar 95%-H2 5% with rate of 40 
standard-state cubic centimeter per minute (sccm) was established and 
maintained throughout the annealing process. The system was heated from 









C for one hour and then naturally cooled down. The furnace tube 
was purged with the mixed gas for at least 15 minutes before starting the 
system in order to fully fill it with the working gas. 
To study the effect of Al doping, we prepared another two sets of ZnO films 
doped with 4 at% of aluminum. The deposition and annealing conditions were 
identical to those used for undoped ZnO. 
 
3.3.2 Structural characterization 
Figures 3.10(a) and (b) display θ-2θ XRD spectra of the two sets of samples 




before and after annealing, which indicates that they are heavily oriented with 
the hexagonal wurtzite structure. No secondary phase or metal-related peak 
was detected in XRD spectra after H2 treatment. Nevertheless, it should be 
noted that for the films deposited at RT, vacuum (110) peak emerged after 
hydrogen annealing, which, as we shall see later, might be due to significant 
alteration in the morphology of the films.  
 
 
Figure 3.10 θ-2θ XRD patterns for ZnO thin films prepared at room 
temperature, 10
-7
 mbar, without oxygen supply and at 350
o
C with oxygen 
partial pressure 2x10
-4
mbar (a) before and (b) after hydrogen annealing. 
 
 
The grain size for the samples was estimated with the Scherrer formula:  
D = 0.89 λ / (B cos θ)     Eq 3.1 
where D is the grain size, λ is the wavelength, B is the full-width-half-
maximum and θ is the diffraction angle. Here the term ‘grain’ is used as 
synonym to ‘crystalline,’ e.g. average size of the region over which the 





Table 3.1 presents the calculated values of FWHM and average grain size for 
the samples based on data extracted from the θ-2θ scans. The FWHM and 
intensity of the XRD patterns for thin films depends on how crystalline the 
sample is. For the sample with high crystallinity, e.g. larger crystalline fraction 
and grain size, the diffraction peaks tend to be higher and the FWHM values 
will be very low.  It can be seen that the FWHM of the (002) peak for the as-
grown ZnO films prepared at high temperature in the presence of oxygen is 
0.398
o
 , whereas it is 1.057
 o
 for the films deposited at room temperature in 
vacuum. The grain size for the high temperature deposited films is ~2.5 times 
larger than for the RT-grown, which suggests the lower crystalline quality of 
the RT-grown films. After hydrogen treatment the intensity of the (002) peak 
increased for both sets of films (see Fig. 3.10b), indicating the improvement of 
crystallinity. This demonstrates that annealing induced crystal grain growth in 
both samples. However, since the grains were smaller in the starting state for 
the RT-grown ZnO film compared to 350
o
C-grown sample, in the end their 
size remained relatively small. 
 
Table 3.1 The data evaluated from XRD θ-2θ scans for the samples before 
and after hydrogen treatment. 
 
Sample FWHM (o) Average grain size (nm) 
Before 
annealing 
350oC, 2×10-4mbar 0.398 206.4 
RT, vacuum 1.057 78 
After 
annealing 
350oC, 2×10-4mbar 0.332 247.7 
RT, vacuum 0.954 86 
 
It should be pointed out, that Scherrer formula gives us a crude estimation of 
the grain size in polycrystalline films, as there are other factors affecting peak 




distortions due to faulting, dislocations, antiphase domain boundaries, grain 
surface relaxation, etc. 
 
XPS and Raman measurements were carried out to look more closely at the 
changes in structural properties, chemical composition and ionic state in 
hydrogenated ZnO films compared to as-prepared ones. The O1s XPS spectra 
of the samples are shown in Fig 3.11. The main peak at 529.8 eV is attributed 
to the O1s core level in wurtzite ZnO, while the shoulder at 531.5 eV is 
associated with hydroxyl oxygen. Zn 2p peaks of hydrogenated films retain 
their +2 state after annealing. The atomic concentration of oxygen is higher in 
the as-grown sample deposited at 350
o
C in the presence of oxygen compared 
to all other samples. Zn concentration, on the other hand, judging from the 
spectra in the inset, is the lowest. The spectrum for the as-grown sample 
deposited at RT in vacuum demonstrated the opposite relation. This result is 







Figure 3.11 O1s XPS spectra for as-grown ZnO films deposited at two sets of 
conditions and annealed in 95%Ar-5%H2 atmosphere at 550°C for 1 hour. 
Inset: XPS spectra of Zn 2p peaks. 
 
 
Wurzite ZnO belongs to the P63mc symmetry group. The group theory 
predicts two A1, two E1, two E2 and two B1 modes, i.e. the potential optical 
modes for ZnO are as follows: 
1A1(TO)+1A1(LO)+2B1+1E1(TO)+1E1(LO)+2E2 
Among them, the B1 modes are silent modes, while the rest of the modes are 
Raman active. Modes A1 and E1 are polar and hence have different 
frequencies for the transverse optic (TO) and longitudinal-optic (LO) phonons. 
Raman spectra were measured at room temperature for both sets of samples 
before and after hydrogen treatment, as illustrated in Fig.3.12. The phonon 







According to earlier reports phonon mode E2 (high) in ZnO can exhibit a large 
variation of the frequency when homogeneously distributed impurities are 
present.
43
 Thus this peak can be attributed to the presence of incorporated 
hydrogen in the lattice. After hydrogen annealing the peak E2 (high) has 
become more pronounced, which can be explained by the increase of 
hydrogen concentration in the samples. Post-hydrogen annealing also 
facilitated the intensity increase of the A1(LO) mode for both sets of ZnO 
samples. This mode is associated with disorder-induced Fröhlich scatterings 
related to the impurities and defects introduced by implantation.
44
 The 
intensity of this peak is weak in well-ordered structures. Hence, the treatment 
caused structural disorder in the films and, possibly, hydrogen incorporation. 
The observation of the B1
high
 silent mode in the Raman spectra after hydrogen 
treatment for the high temperature/oxygen might be due to the disorder 
activated Raman scattering (DARS). This type of scattering is caused by the 








Figure 3.12 Room temperature Raman spectra of undoped ZnO films.  
 
To understand the influence of hydrogen annealing on the morphological 
properties of the two sets of samples, we performed SEM measurements. 
Figures 3.13(a) and (d) display the cross-sectional view of the as-grown ZnO 
films deposited at: 1) room temperature, without oxygen supply and 2) at 
350
o
C in the presence of oxygen respectively. It can be seen that the films 
have a columnar structure with smooth and uniform surface. However, for 
both sets the surface smoothness and uniformity reduces dramatically after 
annealing in hydrogen atmosphere. The surface of the films deposited at high 
temperature with oxygen as a background gas (Fig. 3.13(e)) after hydrogen 
annealing was etched with the formation of cone-shaped structures. Moreover, 
as can be seen from Fig 3.13(f) against the backdrop of overall film thickness 
reduction from around 720 to 680nm, the layer underneath the etched surface, 




maintained its good texture. Similar separation of the films into porous top 
layer and dense underlayer was reported after etching ZnO films with HCl.
46
 
On the other hand, the morphology of the films deposited at room temperature 
without oxygen is completely different, the entire film is very porous as shown 
in Fig 3.13(b) and (c). Moreover, the thickness of the films increases from 
around 440 to 540nm.  
 
Apparently, the etching effect of hydrogen on ZnO results in the porous nature 
of the post-annealed films. Differences in the film growth conditions prior to 
annealing affect the morphology of the post-hydrogenated films. The large 
number of grain boundaries in RT-prepared ZnO films make it easier for H-
atoms to diffuse and form bonds with abundant local defects. This results in 
the high uniform porosity of these films. Films deposited at 350
o
C in the 
presence of hydrogen have higher crystallinity, e.g. larger crystal grain size 
and fewer defects. Thereby, hydrogen incorporates and etches only the surface 
layer, while the part of the film located closer to the quartz substrate remains 
unaffected.   
 
AFM measurements revealed that RMS roughness for both sets of ZnO films 
equals to 7-9nm before hydrogen treatment. In support of the SEM 
observations, the RMS roughness of the samples after annealing was found to 
be ~50nm for the RT vacuum deposited films and ~100nm for the films grown 
at 350
o







Figure 3.13 Cross-sections and inplane view of morphology of ZnO films 
grown on quartz using two sets of deposition parameters: (a), (b), (c) at room 
temperature, 10
-7
 mbar, without oxygen supply and (d), (e), (f) at 350 
o
C with 
oxygen partial pressure 2x10
-4










To study the optical properties of the ZnO/quartz samples, we conducted PL 
measurements, the results of which are shown in Fig. 3.14. The results indicate 
the presence of green emission (GE) peak around for both samples after 
hydrogenation, which is consistent with earlier reports.
8, 47
 However, the GE 
for the sample with larger average grain size is not as intensive as for the one 
with smaller grains. Under the light emitted by a 365 nm UV lamp, the RT-
deposited sample exhibits strong GE that can be seen with the naked eye, 
while the 350
o
C-deposited films emits dull yellowish light. 
 
Figure 3.14 Room temperature photoluminescence measurements of two sets 
of films before and after hydrogen treatment (a, b), images under UV 365nm 
lamp for the annealed RT-deposited (b) and 350 
o
C-deposited (d) samples. 
 
The porous structure of ZnO films may serve as optical cavities and provide 
strong coherent multiple scattering, which we believe may signiﬁcantly 




conditions, RT-deposited films show higher and more uniform porosity after 
hydrogenation. Hence, the emission is more pronounced for these films. As for 
the 350
o
C-deposited films, only the top porous layer is involved in scattering. 
Moreover, the cone-shaped structures formed as a result of the etching may 
shorten the scattering path, leading to weaker emission. 
There is another explanation of the GE that is observed to be ultra-strong in 
one case and very weak in the other. It is based on the results of the first 
principle calculations,
48
 which showed that oxygen vacancies (Vo), that are 
believed to be responsible for green emission,  are more favorably to form on 
ZnO surfaces than in the bulk. It was found that smaller ZnO particles tend to 
emit visible light of shorter wavelengths due to higher volume/weight ratio, 
which results in a greater amount of Vo formed on their surface. Thus, it is 
logical to conclude that the sample with smaller average grain size 
(RT/vacuum deposited) is more likely to emit stronger compared to its 
counterpart with larger grains, hence, smaller number of Vo.  
3.3.4 Electrical properties 
Transport properties of the films are compiled in Table 3.2. For both sets of 
ZnO films resistivity values show increase after hydrogen treatment. Probably, 
due to severe degradation of the crystalline structure of ZnO at the surface. An 












Table 3.2 Transport properties, including electrical resistivity, mobility and 
carrier concentration of ZnO. films prepared at different growth conditions 
after hydrogen annealing at 400
o












 400 oC 550 oC  400 oC 550 oC 
Resistivity 
(Ohm-cm) 
0.92×10-2 1.03 1.378 1.56×10-2 2.54×10-2 3.873×10-2 
Mobility 
(cm2/V-s) 









1.64 x 1020 1.9 x 1020 3.15 x 1019 
 
3.3.5 Summary 
In conclusion, it was found that it is possible to control the properties of ZnO 
films by modulating PLD growth conditions prior to hydrogen annealing. 
Post-growth hydrogen annealing at 550
o
C caused structural and electrical 
degradation for both sets of samples. The etching effect of hydrogen on ZnO 
resulted in the porous nature of the post-annealed films. The films grown at 
room temperature in oxygen deprived ambient exhibit ultra-strong green 
emission.  
 
Thus, these are optimal pre-annealing growth conditions for the reproducible, 
lower cost fabrication of ZnO thin films with porous microstructure and large 
accessible surface for future optoelectronic applications. Although this topic is 
very interesting and promising, it is beyond the scope of the current study 






3.4 Al-doped ZnO 
As mentioned earlier, doping ZnO with group III metal dopant aluminum can 
significantly improve the properties of ZnO, e.g. increase its electrical 
conductivity, a crucial property for an electrode. Table 3.3 summarizes the 
obtained transport properties for the undoped and 4at.% Al doped ZnO 
samples deposited at the two conditions described earlier. As anticipated, after 
doping ZnO with aluminum the conductivity of the films has improved. Hall 
mobility values increased after aluminum doping both for the RT/vacuum and 
350
o
C/oxygen deposited samples. 
 
 
Table 3.3 Changes in the electrical resistivity, mobility and carrier 











Resistivity (Ohm-cm) 9.2×10-3 1.56×10-2 4.52×10-3 1.92×10-3 
Mobility (cm2/V-s) 0.109 2.45 0.567 10.5 
Carrier concentration  
(1/cm3) 
6.24 x 1021 1.64 x 1020 2.44 x 1021 3.1 x 1020 
 
 
3.5 Effect of hydrogen annealing on Al-doped ZnO films 
PL measurements for AZO thin films prepared at two deposition conditions 
and subsequently annealed in hydrogen are shown in Fig.3.15. Similarly to 
undoped ZnO, AZO films emit green light after hydrogenation. The intensity 
of the GE is, however, stronger for the samples prepared at RT/vacuum 






Figure 3.15 Room temperature photoluminescence measurements of two sets 
of Zn:Al(4at.%) films before and after hydrogen treatment (a, b). Inset: image 
under UV 365nm lamp with hydrogen annealed RT-deposited (on the left) and 
350
o
C-deposited (on the right) AZO films. 
 
Fig. 3.16 shows surface morphology of the AZO films grown at two sets of 
conditions described earlier and subsequently annealed in hydrogen 
atmosphere at 550
o
C for 1 hour. The insets present the AFM measurements. It 
can be clearly seen that grain size and surface roughness change depending on 
the pre-annealing growth conditions. RMS roughness for the high 
temperature/oxygen set of ZnO films is ~14 nm, the grains look larger in the 
SEM scan. On the other hand, the estimated size of grains for the RT/no 





Figure 3.16 SEM inplane view of the morphology of AZO films grown on 
quartz using two sets of deposition parameters: (a) RT, 10
-7
 mbar, without 
oxygen supply and (b) 350
o





C in hydrogen environment for 1hour.Insets: AFM scans for 
the respective samples. 
 
Next, we prepared AZO films with same aluminum concentration as the 





C. Fig. 3.17 demonstrates the dependence of transport properties of AZO 
films on the annealing temperature. Fig. 3.17(a) reveals the trend for the 
samples grown at 350
o
C with oxygen partial pressure 2x10
-4 
mbar, while Fig. 
3.17(b) depicts the behaviour of the films grown at room temperature, 10
-7
 
mbar, without oxygen supply. It should be mentioned that firms prepared at 
high temperature/oxygen supply exhibit resistivity 1.92x10
-3 Ω cm. After 
hydrogenation these films exhibit reduced resistivity along with increased free 






. This trend is consistent 
with earlier reports
40
 and may originate from the desorption of the negatively 
charged oxygen vacancies from the grain boundary surfaces by the hydrogen 

















for the low temperature/vacuum as-grown AZO samples, the resistivity value 
is higher 4.52x10
-3 Ω cm. After hydrogen treatment, resistivity of these films 







 and significant increase from initially very 






. Thus, in both cases hydrogen 
treatment resulted in the improved conductivity values for the both set of AZO 
films.  
 
Figure 3.17 Resistivity, mobility and carrier concentration of AZO thin films 
grown a) at 350 
o
C with oxygen partial pressure 2x10
-4
mbar  and b) at room 
temperature, 10
-7
 mbar, without oxygen supply as a function of annealing 
temperature in hydrogen atmosphere. 
 
3.6 Summary 
Doping with Al improved the electrical properties of ZnO films, as expected. 
The electrical resistivity reported for ITO is around 4×10
-4
 Ω cm. Whereas the 






 Ω cm. This value is comparable with the AZO resistivity obtained by 
other research groups. The transparency of as-prepared AZO films was ~ 90%, 
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Chapter 4 Magnetic anisotropy modulation of epitaxial Fe3O4 
films on MgO substrates 
 
This chapter presents the study of physical properties of Fe3O4 thin films. The 
first part of the chapter is devoted to the structural properties of Fe3O4 films. 
They were grown on MgO single crystal substrates of three orientations. The 
second part focuses on the electrical conductivity, magnetization and 
magnetotransport properties of the films. Crystallographic orientation and 
thickness dependence of the properties will be discussed.   
4.1 Introduction. 
Magnetic anisotropy is known as dependence of magnetic properties of a 
ferro/ferrimagnet on a preferred direction. There are three types of anisotropy: 
magnetocrystalline (crystal structure), shape (grain shape) and stress (applied 
or residual).Magnetocrystalline anisotropy is an intrinsic property that does 
not depend on either grain size or shape.  
As mentioned in chapter 1, Fe3O4 has been widely studied because of its great 
potential in spintronics and other applications. Magnetite is known to exhibit 
magnetic anisotropy. For bulk Fe3O4 <111> is the easy direction of 
magnetization, <100> is the hard direction, whereas <110> is intermediate 
direction. However, for thin films the contribution of stress anisotropy is 
significant. Thus, the uniaxial anisotropy with easy axis along the [110] 
direction (in-plane) is usually reported for thin films.
1
 Fe3O4 films are highly 
desired as a magnetic electrode, if its magnetic anisotropy can be controlled, 




films with a high perpendicular magnetic anisotropy (PMA) are essential for 
the development of spintransfer-torque-switching-type random access 
memories (STT-RAMs) as these films can aid in the reduction of the critical 
current required for writing a digital information bit. The size of the devices 
with this type of memories cannot be reduced without an increase in magnetic 
anisotropy energy in order to keep satisfying thermal stability condition. 
Earlier reports suggest that materials with PMA are able to provide high 
thermal stability at lower current densities.
2
 In this section, we describe the 
findings arising from a systematic study of the magnetic properties of 
magnetite (Fe3O4) thin films epitaxially grown on various MgO substrates. 
Here, we observed a prominent perpendicular magnetic anisotropy in Fe3O4 
film deposited on MgO (111) substrate.  When measured in the out of plane 
direction, the film (40nm thick) exhibits a well-defined square hysteresis loop 
with coercivity (Hc) above 1kOe, while much lower coercivity was obtained in 
the in-plane orientation.  In contrast, the films deposited onto MgO (100) and 
MgO (110) substrates show in-plane magnetic anisotropy. These films exhibit 
a typical soft magnet characteristic – Hc lies within the range of 200-400 Oe. 
All the films show a clear Verwey transition near 120 K – this is a known 
characteristic of Fe3O4. In addition, a series of magnetoresistance (MR) 
measurements was performed, and the MR results are in good agreement with 
the magnetic observations. We also investigated the role of the substrate 







In this study, Fe3O4 films (40nm) were grown on (111), (110) and (100)-
oriented MgO single crystal substrates using pulsed laser deposition (PLD) 
technique. MgO was chosen as a substrate due to small lattice mismatch with 
Fe3O4 (only 0.3%), which would induce less lattice distortion at the interface. 
Moreover, MgO is often used in spintronics due to spin-filtering in magnetic 
tunnel junctions (MTJs)
3
 and high spin injection efficiency
4
. The films were 
grown at 300°C and oxygen partial pressure of 5×10
-6
 Torr. In order to study 
thickness dependence study, a series of Fe3O4 films with thicknesses of 12nm, 
20nm, 25nm, 30nm, 40nm, 55nm, 60nm, 70nm, 100 and 120 nm were 
deposited on MgO (111) substrates under identical conditions. The x-ray 
diffraction (XRD) measurement was performed on Bruker AXS D8 Advance 
X-ray diffractmeter using CuKα radiation (λ=1.5418Å). The magnetic 
properties of the samples were measured at room temperature using a 
vibrating sample magnetometer (VSM) manufactured by the Lakeshore 
company. The field was applied in-plane and out of plane of the films. MR 
was measured by Physical Property Measurement System (Quantum Design, 
Inc.).  
4.3 Structure characterization 
Fe3O4 film orientation is dependent on the crystallographic orientation of the 
substrate used. Figures 4.1(a), (b) and (c) show the XRD patterns for the 
Fe3O4(40nm) films deposited on MgO substrates with (111), (110) and (100) 
crystal orientations. The spectra for the MgO substrates alone are shown in red, 




black. Obviously, the Fe3O4(40nm)/MgO(111) sample shows four [111]-
oriented peaks, revealing that Fe3O4 film on MgO (111) substrate is epitaxial 
with (111) orientation. Likewise, the Fe3O4(40nm)/MgO(110) and 
Fe3O4(40nm)/MgO(100) films exhibit peaks similar to their substrate 
orientations, indicating that they were also grown coherently. It is noted that 
no peaks indicating Fe impurities or its parasitic phases (e.g. maghemite 
and/or haematite) were observed.  
 
 
Figure 4.1 XRD patterns for the 40nm-thick Fe3O4 films grown epitaxially on 
(a) MgO(111),  (b) MgO(110) and (c) MgO(100) substrates. The substrates’ 
spectra are shown in red colour, whereas the spectra for the films are 






To further confirm the films’ stoichiometry, XPS measurements were 
performed. The X-ray resource in XPS is Mg Kα, and the binding energy (BE) 
of Fe 2p spectrum was calibrated according to the position of the binding 
energy peak C1s (284.6 eV). The most reliable method to confirm the Fe-
oxidation state is to check the satellite structures due to charge transfer 
screening.
5
 The XPS measurements show the presence of two broad Fe 2p 
core peaks; each is expected to be accompanied by a satellite on the high 
binding energy side ascribed to excitations or screening involving Fe 3d 
orbitals at the core-hole site. However, Fe 2p3/2 satellite binding energy is 




valence states. Hence when 
both valence states are present, a smeared broadening is observed between the 
spin-orbit components. As can be seen from Figure 4.2, the curve shape is in 
good agreement with that reported for magnetite (Fe3O4).
6, 7
 The slight 
shoulder on the low energy side of the peak labelled 2p1/2, however, may be 
due to the weak contribution from α-Fe2O3, which may have resulted from the 




 has been calculated 
from the atomic concentration obtained from the calculated values for the 
areas of two peaks below the XPS Fe 2p3/2 peak. As mentioned earlier, it is 
broad as it comprised two peaks that were deconvoluted. The XPS 2p3/2 peak 
at 710.08 eV of α-Fe2O3 corresponds to the presence of only Fe
3+
 cations, 
whereas, the 2p3/2 peak at 710 eV of FeO corresponds to the presence of only 
Fe
2+





 was estimated to be 2:1.  These data exclude the growth of 
the competing maghemite and/or haematite phase, indicating that our thin 




magnetic anisotropy for differently oriented magnetite films can be attributed 
to strain-induces magnetoelastic anisotropy, caused by the distortion of the 
crystal structure.  
 
 
Figure 4.2 XPS spectra for the 40nm-thick Fe3O4 films grown epitaxially on 
(111) -, (100) - and (110) - oriented MgO substrates. 
 
 
As mentioned in Chapter 1, bulk Fe3O4 undergoes a metal-insulator transition 
around 125K, when the crystal structure distorts from cubic symmetry to 
monoclinic.
8, 9
 Magnetic zero-field cooling (ZFC) and field-cooling (FC) 
curves of the 40-nm Fe3O4 (111) sample are shown in Figure 4.3. The 
magnetisation was measured on warming in magnetic field of 500 Oe applied 
in-plane and out-of-plane between 2 and 300 K using field cooling (FC) and 
zero-field cooling (ZFC) modes of SQUID. In the ZFC mode the sample was 
cooled to down to 2K with no field (H = 0) and then heated up to 300 K in the 
presence of  the magnetic of 500Oe. For the FC mode the sample was cooled 




applied field of 500Oe. For ZFC the magnetic domains were randomly 
oriented at 2 K. While in FC mode at RT. the spins would be oriented by the 
magnetic field. If cooled in the applied field, then the spins have less chance to 
disorient. So under this condition magnetic saturation is attained. A strong 
separation of the ZFC and FC curves at low temperature is observed for both 
in-plane and out-of-plane measurements and is the signature of a frozen 
magnetic state. A large step in magnetisation can be observed as temperature 
increases. When the direction of applied magnetic field is in-plane, e.g. in [1-
10] geometry, the magnetization drops, but increases out-of-plane, e.g. in [111] 
geometry. The crystal structure transforms from monoclinic to cubic; the easy-
axis changes from [1 0 0] to [1 1 1] direction. The temperature at which this 
transition occurs is the Verwey temperature Tv. 
It is a well-known fact that Verwey transition temperature for bulk magnetite 
(~125K) deviated from the values for thin films (100-120K).
10
 Different 
explanations to this deviation have been put forward, such as cation to oxygen 
nonstoichiometry,
11, 12
 residual strain resulting from the lattice mismatch with 
the substrate and film thickness, causing changes in microstructure,
13
 
difference in thermal expansion coefficients between substrate and the Fe3O4 
thin film.
14
 For high levels of cation deficiency the system is heterogeneous, 
i.e., it consists of a distribution of crystallites each having its own (sharp) first 
order transition temperature. This will lead to a second (broad), instead of a 
first-order, transition at a lower Tv. Wright et al. demonstrated that long-range 




 ions at the octahedral sites is necessary for the 
Verwey transition to take place.
15
 In very thin (below 25nm) films with high 




transition will be inhibited. In this case, the transition will occur at lower 
temperature or will not be observed at all.
1
 
Hence, these factors define whether the transition for the thin films will be 
sharp or broad and how close the Tv is to the bulk value. It means that fully 
stoichiometric Fe3O4 film with thickness above 25nm grown on a substrate 
with small lattice mismatch is expected to have sharp transition with Tv 
approaching the bulk value. The Verwey temperature in polycrystalline films 
will be comparable to the epitaxial films but broadening will be observed due 
to defects, as shown by Li et al.
16
 The presence of sharp Verwey transition 
around 120 K in our films demonstrates the high crystalline quality and good 




Figure 4.3 ZFC-FC curves as functions of temperature of the 40nm-thick 
Fe3O4(111) sample measured at applied field of 500Oe aligned in-plane and 







4.4 Magnetic and transport properties 
After examining the structure and ensuring the single phase nature of the 
Fe3O4/MgO(111) films, we studied magnetic properties of the films. Figures 
4.4 (a), (b), (c) show hysteresis loops obtained at room temperature for 40nm-
thick films deposited onto MgO(111), MgO(100) and MgO(110) substrates 
respectively. The field was aligned in perpendicular [111] and longitudinal [1-
10] directions to the films. Figure 4.4(a) shows that an easy magnetisation axis 
for the Fe3O4/MgO(111) sample is perpendicular to its plane, meaning this 
sample exhibits an out of plane anisotropy with relatively high coercivity (Hc) 
of 1 kOe. In contrast, Fe3O4/MgO (100) and Fe3O4/MgO (110) show in-plane 
magnetic anisotropy. The observed coercivity (Hc) of Fe3O4 (100) is in the 







Figure 4.4 Magnetic hysteresis loops of 40nm-thick (a) Fe3O4 (111), (b) 
Fe3O4(100) and (c) Fe3O4(110) films measured with field applied in-plane and 
out of plane at room temperature. 
 
Figures 4.5 (a), (b) show the magnetoresitance (MR) measurements (up to 3T) 
at different temperatures for the Fe3O4 (100) sample with the magnetic field 
applied parallel and perpendicular to the film plane respectively. In both cases 
the MR values are negative and tend to increase as temperatures decrease. 
Fe3O4 (110) film demonstrate similar behaviour (Fig 4.5e, f). The negative 
MR was explained by the presence of antiphase boundaries (APB)
17,18
. The 
electron transport in Fe3O4 occurs through small polaron hopping
19
. It is 
shown that conductivity σ is proportional to t2=t0 
2
cos
2φnn/2, where t is the 
nearest neighbour transfer integral
20
. Moreover, it is suggested that if no 




ions with antiparallel spins (the angle φ=π) is blocked. The conductivity in this 
case will then be equals to zero. Applied magnetic field tilts the antiparallel 
spins on neighbouring ions, making the angle φ deviate from π.The 
conductivity becomes finite as a result. The out-plane MR (MRout) curve 
exhibits quadratic behaviour at low field (around 0.5T), while the in-plane MR 
(MRin) is linear in this region. According to Eernstein et al.
21
, the uniaxial 
anisotropy component does not play a role when the field is applied in plane, 
and hence the transport through AF-APB increases linearly with a magnetic 
field. Meanwhile MRout curve is predicted to possess a quadratic field 
dependence when the field lower than uniaxial anisotropy field is applied and 
linear for higher fields. 
 
Figure 4.5 Magnetoresistance for the 40nm-thick Fe3O4 films grown 
epitaxially on (a, b) MgO (100), (c, d) MgO(111) and (e, f) MgO(110) single 
crystal substrates measured at different temperatures with the magnetic field 






However, the Fe3O4 (111) sample (Fig. 4.5(c), (d)) shows symmetric butterfly-
shaped positive MRin at low field below Verwey transition (Tv), whereas 
MRout is negative throughout the whole range. Positive MR has been earlier 
reported for both bulk single crystal
22 
 and thin film Fe3O4 
23, 24, 25
. A number 
of possible explanations for the effect have been proposed. One of them 
relates to the formation of highly canted spin chains with length λ around 
APBs, which will contribute some resistance to the traversing spins when the 
field lower than anisotropy field is applied ( H<Han). 
11
 In this case the canted 
spin structure experiences subsequent reduction in the width with an increase 
in the external field. The angle between the spins meanwhile increases due to 
differences in the rotation of AF-APB spins, which then explains the 
observation of positive MR.  Others claim that the presence of positive MR in 
Fe3O4 films is a bulk-like property
 
and it is a confirmation that the examined 
films are defect free
10
. As no convincing explanation for this phenomenon has 
been given so far, additional studies are required to determine the factors 
responsible for it. However if the theory about APBs is correct, they might be 
responsible for the existence of out-of-plane component of magnetisation. 
4.5 Thickness dependence. 
Due to unique magnetic and transport properties exhibited by the Fe3O4(111) 
films, in this section we will focus on these films. In particular, we investigate 
how magnetic and electric properties of Fe3O4(111) thin films change with 




applied to all samples, and the only difference between the films is their 
thickness. 
Figures 4.6(a) and (b) show magnetic hysteresis loops for 20-, 30- and 40nm-
thick Fe3O4 (111) films measured with magnetic field aligned in perpendicular 
and longitudinal direction towards the plane of the films. It can be seen from 
Figure 4.6(a) that the out-of-plane anisotropy deviates considerably depending 
on the film thickness. The 20nm film exhibits nearly isotropic magnetic 
behaviour, with low coercivity (Hc) (~300Oe) hysteresis loops obtained both 
for in-plane and out-of-plane measurements. In contrast, 30- and 40nm films 
show well-defined square-like hysteresis loops with Hc around 1kOe when 
measured out-of-plane while the Hc values measured in-plane fluctuate around 
300Oe. The Mr/Ms (remanence to saturation magnetisation) versus thickness 
curve (inset on the left) indicates an increase with the film thickness growth up 
to ~45% (for the 40nm-thick film) followed by a subsequent drop for thicker 
films. The inset on the right shows that Hc follows a similar trend in that it 
reaches a maximum at ~50nm and then starts to fall. As such, it can be seen 







Figure 4.6 Magnetic hysteresis curves for 20-, 30- and 40-nm-thick Fe3O4 
(111) thin films measured via VSM at RT with applied magnetic field of 15 T 
(a) out-of-plane and (b) in-plane. Two insets show Mr/Ms and Hc dependence 
on Fe3O4 films thickness when magnetic field is perpendicular to the films. 
 
 Next, resistivity measurements of the samples with thicknesses in the range of 
12 to 120 nm were performed using standard four probe method down to ~50 
K, as depicted in Fig. 4.7. The magnitude of resistivity increases as 
temperature decreases, which is consistent with previous reports.
16,26
 A sharp 
increase is observed after ~120 K, which marks a structural transition from a 
cubic high-temperature to a monoclinic low-temperature phase, e.g. a Verwey 
transition. The resistivity of the films is found to be thickness dependent. The 
resistivity for the 40-nm film (7.2 mΩ cm) is higher compared to the value 
obtained for the 100-nm thick Fe3O4 sample (4.3 mΩ cm), which is 
comparable to the single crystal bulk sample (4 mΩ cm). In order to make the 
trend more distinct, additional samples of varying thickness were measured, 





Figure 4.7 Resistivity as a function of temperature for the 40- and 100nm-
thick Fe3O4 films deposited on (111)-oriented MgO substrates. 
 
 
At room temperature, the thickness of the films has an inverse relation to 
resistivity, i.e. resistivity increases as film thickness decreases. This behaviour 
can be explained by smaller domain size and, therefore, higher density of 
antiphase domain boundaries (APBs) in the thinner films.
26
 As described in 
Chapter 1, APBs are structural defects that occur during epitaxial growth due 
to the fact that the lattice constant of Fe3O4 (a=8.3987 Å) is twice the one of 
MgO(a=4.212Å). The presence of APBs that are not present in the bulk 
magnetite leads to magnetic exchange interactions among iron ions. Some of 
them are antiferromagnetic, and block the passage of spin-polarized electrons, 
thereby enhancing the resistance
27
 while affecting magnetization
17
 and 






Table 4.1 Resistivity, remanence and coercivity for different film thicknesses 









12 0.013 13.8 360.82 
25 0.0084 29.24 661.26 
40 0.0072 45.3 1277 
55 0.0063 30.1 1391 
100 0.0043 27 1364 
120 0.0041 26.43 772.34 
 
4.6 Summary 
To summarize, we fabricated Fe3O4 epitaxial films of various thicknesses on 
MgO substrates with different orientations. XRD pattern peaks were identified 
as magnetite phase and sharp Verwey transition was observed, confirming the 
high crystalline quality and good stoichiometry of the prepared films. The 
Fe3O4 (111) films were found to exhibit prominent out-of-plane magnetic 
anisotropy. The inverse linear behaviour of the MRin and MRout curves for the 
Fe3O4(100) and Fe3O4(110) thin films is in agreement with the model 
proposed in Ref. 6. As for the Fe3O4 (111) films, a symmetric butterfly-shaped 
positive MRin has been obtained at low field, whereas MRout has negative 
values throughout the whole range. Although it is not possible to have a direct 
comparison of our results with the results from Ref. 11 mostly due to 
differences in the way Fe-O-Fe ions meet at the APBs for the (110) and (111)-
oriented Fe3O4 films, the suggested model may be considered for analysing the 
observed positive MRin effect. Magnetic and electric properties of the films 
have been measured as a function of thickness. It was found that the 40nm-




remanence and coercivity values. Resistivity vs. temperature measurements 
reveal sharp resistivity jumps around 120K associated with Verwey transition. 
Lower conductance for thinner films indicates enhanced scattering in the 
thinner films due to higher density of antiphase and grain boundaries.  Since 
magnetic anisotropies are highly influenced by lattice strain, anisotropy 
manipulation can be made possible by using the substrates of different 
orientations.  
Thereby, Fe3O4 is suited to the role of electrode material. Based on the 
measurements, the thickness of the potential Fe3O4 electrode must be kept 
larger than 100nm. The films below this value were found to exhibit higher 
resistivity due to smaller domain size and, therefore, higher density of 
antiphase domain boundaries (APBs). If necessary, anisotropy manipulation 
can be made possible by using the substrates of different orientations. 
However, it should be taken into account that Fe3O4 is only recommended as a 
top electrode material, not as a bottom electrode, particularly in the case of the 
capacitor-type configuration with ferroelectric dielectric layer. The key reason 
is its poor stability. The growth of ferroelectrics vie PLD usually takes place at 
relatively high deposition temperatures ranging from 700 to 800 °C and high 
oxygen partial pressure ~75mTorr. During the deposition of the ferroelectric 
(either Pb(Zr0.52Ti0.48)O3 or BaTiO3) on top of magnetite the phase transition 
takes place in the bottom electrode. Conductive magnetite oxidizes into nearly 
insulating haematite. Thus, the bottom electrode becomes more resistive, 
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Chapter 5 Ferroelectric heterojunctions PZT/SRO and 
 BTO/SRO grown on STO 
 
As mentioned in Chapter 1, the choice of correct electrode, particularly bottom 
electrode, has great influence on the ultimate performance of the device. The first 
part of this Chapter is devoted to the discussion of the structural, electric and 
transport properties of SRO films deposited via PLD on STO(001) single-
crystalline substrate. Thereafter, we deposit PZT and BTO ferroelectrics on top of 
these SRO films. Subsequently, their structure and switching behaviour is to be 
tested. 
 
5.1 Growth of highly textured strontium ruthenate films on STO 
5.1.1 Introduction 
Ferroelectric thin film capacitor heterostructures have been studied with great 
interest in the last decade because of their potential applications in piezoelectric 
sensors, actuators, power generators and non-volatile memory devices. The 
performance of a multilayer device depends heavily on the quality of each layer, 
hence it is important to optimize the growth parameters for each layer 
independently. In order to study the properties of the top electrode (Fe3O4 and 
AZO), we first prepared the bottom electrode/substrate heterostructure.  
As discussed in Chapter 1, in order to fabricate a high performance ferroelectric-




requirements: 1) it must be epitaxial and single crystalline (at least oriented), 2) it 
is highly preferable if its lattice parameter is close to the top ferroelectric material, 
i.e. it has similar crystal structure and compatible chemistry, 3) it should be 
impervious to the ferroelectric and substrate components to eliminate the 
interdiffusion during deposition or post growth annealing. 
Perovskite-type conductive oxide electrodes have an inherent advantage over 
others due to their well-matched structure and chemistry with ferroelectric 
perovskites. The most frequently used perovskite oxide electrodes are YBCO, 
SrRuO3, LaNiO3, BaPbO3, LSCO, and LSMO. Among them, strontium ruthenate 
SrRuO3 (SRO) is known as an attractive candidate for electrodes and junctions in 
microelectronic devices. Along with good compatibility with major perovskite 
ferroelectrics, it possesses a variety of unique properties, such as high 
ferromagnetic transition temperature Tc, colossal magnetoresistance, 
ferroelectricity and ferromagnetism. It also possesses good electrical and thermal 
conductivities, better surface stability, and high resistance to chemical corrosion. 
All these properties minimize interface electrochemical reactions, charge injection 
in oxide and other detrimental processes, thereby improving retention, fatigue 
resistance, and imprint of a device. Thus, we chose SRO as a bottom electrode for 
our capacitor-type device.   
5.1.2 Experimental 
SRO films were grown via PLD on (001) SrTiO3(STO) single crystalline 




variety of integrated devices as substrate material for growth of other oxides. Due 
to low lattice mismatch, STO is also suited perfectly for the epitaxial growth of 
SRO. SRO films with different film thickness and different oxygen content were 
achieved by tuning deposition rate and oxygen partial pressure respectively. The 
preparation parameters, such as substrate temperature and oxygen partial pressure, 
were optimized in order to avoid the formation of oxygen vacancies and insure 
the formation of the films of high crystallinity. The chosen oxygen partial 
pressure was 220mTorr and the substrate temperature was kept at 750
o
C, which is 
similar to the parameters used in literature.
1
 The laser energy was ~ 180mJ. X-ray 
diffraction (XRD). Reciprocal Space Mapping (RSM) and transmission electron 
microscopy (TEM) were used for the film characterization and microstructural 
analysis. 
5.1.3 Thickness dependence. 
Since the main purpose of studying SrRuO3 is to use it as a bottom electrode, 
properties such as high conductivity is one of the key elements to be investigated. 
First, we studied the thickness dependence of conductivity in the SRO/STO 
heterostructures. Samples with SRO thicknesses 20, 30, 40, 60 and 100nm were 
deposited via PLD.  From the measurements plotted in Fig. 5.1, it can be seen that 
at any temperature, resistivity increases when film thickness decreases. Another 
interesting observation is that films of all thicknesses clearly demonstrate metallic 
behavior with a kink at the Tc corresponding to the phase transition between 
ferromagnetic and paramagnetic states. However, the Curie temperature shifts to 






 which is common in thin magnetic films. These two events are 
correlated and can be attributed to the presence of compressive strain in 
SRO/STO(001) interface, which leads to a finite size effect. The increase in 


























20 712 0.0292 4.21x1024 
30 620 0.0183 3.42x1024 
40 534.7 0.0979 8.48x1023 
60 286.1 0.0418 5.21x1023 
100 193.2 0.0704 5.79x1021 
 
5.1.4 Structure characterization 
Figure 5.2(a) illustrates the θ-2θ XRD scan of 100nm-thick SRO film deposited 
on (001)-oriented STO. Sharp peaks indicate high crystallinity of the SRO film. 
Due to the lattice mismatch of ~0.64% with STO substrate, SRO thin films 
experience in-plain compressive strain. The epitaxial growth is confirmed by 
Reciprocal Space Mapping (RSM), as shown in Figure 5.2(b). The fact that 
diffraction peaks of the film and substrate line up along the in-plane reciprocal 
lattice direction in SrRuO3/SrTiO3 indicates that the film is homogeneously 
strained. 
 It should be mentioned that below certain critical thickness heteroepitaxial films 
are subject to misfit strain that can be stored elastically by establishing a coherent 
interface. Above the critical thickness the formation of misfit dislocations will 
become energetically more preferred. The estimated value for SRO/STO(001) 
grown under conditions similar to ours is 8.4 nm.
3




reported that homogeneously strained 75-nm-thick films showed the lowest 
residual resistivity. Whereas for 200-nm-thick films, two layer separation was 
observed as they were completely relaxed by dislocations. It shows that the 
chosen thickness of ~100nm is suitable for the purpose of building an electrode. 
 
Figure 5.2 (a) XRD spectrum of the 100nm-thick SrRuO3 film grown at 600°C 
on (001) SrTiO3 substrate. (b) Reciprocal space map (RSM) of SRO/STO 
heteroepitaxial structure. 
 
In order to further confirm the epitaxial growth of SRO on STO substrates, high-
resolution TEM of the sample cross-section was performed, as shown in Figure 
5.3 (a). It can be seen that SRO lattice epitaxially matches the STO substrate, as 
the lattice planes of both are almost perfectly aligned. Although minor 
interdiffusion between the two layers has been observed, it does not affect the 
properties of 100-nm SRO films as electrode material, as will be shown in the 




Figure 5.3(b) shows the temperature dependence of zero-field-cooled (ZFC) and 
field-cooled (FC) magnetization. The FC curve demonstrates Brillouin-function-
like behaviour, which is a typical characteristic of a ferromagnet. Meanwhile, the 
ZFC curve shows a peak around 150 K, corresponding to ferromagnetic ordering 
temperatures for SRO
4
.  The FC and ZFC curves bifurcate from each other largely 
in the ferromagnetic phase, which could be due to magnetocrystalline anisotropy 
in the films. 
 
Figure 5.3 (a) High-resolution cross-section TEM of the 100nm-thick SrRuO3 
film grown at 600°C on (001) SrTiO3 substrate. Insets: identical FFT patterns 
illustrate that SrRuO3 (on the right) is in epitaxy with SrTiO3 (on the left). (b) FC-
ZFC curve of the SrRuO3 film. 
 
Figures 5.4(a) and (b) display the MR measurements (up to 3 T) at different 
temperatures for the SRO/STO (001) sample with the magnetic field applied 
perpendicular to the film plane. In agreement with earlier observations
5, 6, 7
 the 




point Tc ~150K. The observed increase of negative MR can be explained by the 
suppression of spin-flip scatterings in a magnetic field. Spin-flip or spin-exchange 
scatterings are accountable for the spin exchange between a conduction electron 
and a spin wave
8
. However, below Tc negative MR decreases until it becomes 
positive. It was explained by the orbital MR, the physical origin of which is 
complicated due to strong scattering effects in the SrRuO3 films. This field and 
temperature dependent MR behaviour of SRO is strongly reminiscent of the 
behaviour reported for the classic itinerant ferromagnets, such as ZrZn2 and Sc3In.  
 
Figure 5.4 (a) Magnetoresistance for the 100nm-thick SrRuO3 film grown 
epitaxially on single crystal SrTiO3 substrates measured at different temperatures 
with the magnetic field up to 3T applied along [100] (out of plane geometry) 
direction. (b) Magnetoresistance vs. temperature. 
 
The magnetization loops for the 100-nm thick SrRuO3 film measured at 2K with 




towards the surface of the film, are presented in Fig.5.5 It can be clearly seen that 
the film exhibits an out-of-plane anisotropy. The hysteresis loop measured along 
the out-of-plane direction is square-shaped. This result is consistent with earlier 
observations that under compressive strain, which is the case for SRO/STO(001) 
structure, the direction of the uniaxial anisotropy is out of plane whereas for 
tensile strain it changes to in plane.
9, 10
 In perovskite SrRuO3, the Ru-O-Ru bond 
angle, determined by the tilting of the oxygen octahedral  dominates the physical 
properties.
11, 12
 For epitaxial thin films, this tilting is determined by the strain and 
orientation of the thin film.  
 
Figure 5.5 Magnetic hysteresis loops for 100nm-thick SrRuO3 film obtained at 









In conclusion, SRO films of different thicknesses were deposition by laser 
ablation on (001)-oriented substrates. Thickness dependence study showed that 
electric properties degrade for thinner sample, which is unfavourable for the 
applications of SRO as electrode material. 100-nm thick SRO films exhibit high 
conductivity comparable with the values reported in literature. FC/ZFC 
measurements revealed sharp change in slope at Curie temperature (TC) of ~150 
K associated with magnetic phase transition. High structural properties of the SRO 
films were confirmed by XRD, RSM and TEM measurements. For SRO 
epitaxially grown on SrTiO3 (STO) (001) substrate in-plane compressive strain 
has the magnetic easy axis normal to the surface. 
5.2 PZT/SRO and BTO/SRO heterostructures. 
As mentioned in Chapter 1, heteroepitaxial system SRO/STO has been 
extensively explored in the capacity of a bottom electrode for device applications, 
as it serves perfectly as a buffer layer for growing high quality ferroelectric 
oxides. As mentioned earlier, the crystal symmetry and domain structure of the 
overlayer thin films depends heavily on the structure of the electrode. After 
preparing the bottom electrode which satisfies all the listed requirements, we grew 
two typical ferroelectric layers on top of SRO/STO. Here, we present the evidence 
that we were able to grow a high-quality ferroelectric layer with typical 
characteristics suitable for integration in a multilayer device. While here we report 




and PZT/SRO, Chapter 6 will focus on the performance and properties of the 
PZT-based heterostructures. 
5.2.1 BTO and PZT 
BaTiO3(BTO) and Pb(Zrx,Ti1-x)O3(PZT) are classified as perovskite ferroelectrics. 
Both have high dielectric permittivity, a property which makes them extensively 
used as capacitor materials. New ferroelectric materials with the value of 
dielectric constant up to 3000 at room temperature - BTO
13
- was initially 
discovered in 1945. Later other representatives of the perovskite family of 
components were found, such as potassium niobate (KNbO3) in 1949, lead 
titanate (PbTiO3) in 1950, and antiferroelectric lead zirconate (PbZrO3) in 1951. 
Compared to other perovskite oxides, PZT was found to possess greater 
piezoelectricity, sensitivity, and higher operating temperatures, which made it the 
most widely used piezoelectric material. PZT has been successfully integrated in 
transducers, actuators and sensors.
14
 On the other hand, BTO has been widely 
used in microwave devices due to its high dielectric constant and low loss. Both 
PZT and BTO are are promising candidates for nonvolatile memory devices. 
Although BTO has an advantage over PZT in that it is lead free, ferroelectric 
properties of PZT are superior to those of BTO. On top of that, PZT exhibits 
greater sensitivity and has a higher operating temperature compared to BTO. 
Modest lattice mismatch with SRO, which is approximately 2.7% for Pb(ZrTi)O3 
and 2.9% for BTO, allows the growth of high-quality epitaxial heterostructures. 
Furthermore, a buffer with perovskite structure reduces the crystallization 




diffusion barrier for surface diffusion) is required for heterogeneous nucleation 
between two perovskites. 
5.2.2 Experimental 
PZT and BTO layers were deposited without breaking the vacuum via PLD on 
SRO/STO(001) substrate using a KrF excimer laser 248 nm with a fluence of ~2 
J/cm
2
. Relatively thick ferroelectric layers of 100 and 150nm for PZT and BTO 
respectively were chosen for this experiment. This thickness range was selected in 
order to minimize the tunneling and/or leakage currents, which are known to 
increase as the film thickness decreases.
15
 Two types of PZT with Zr/Ti ratio 
52/48 and 20/80 were tested. The substrate temperature was set at 600
o
C. Oxygen 
partial pressure was 75 mTorr, deposition rate 2Hz. Disc-shaped gold contacts 
(~100 µm
2
) were deposited trough mask by sputtering. X-ray diffraction (XRD) 
was employed for the microstructural analysis. The ferroelectric measurements 
were performed by means of Precision Multiferroic and Ferroelectric Test System 
(Radiant Technologies Inc.). 
5.2.3 Structure 
The XRD patterns of the PZT/SRO/STO and BTO/SRO/STO structures are 
presented in Fig.5.6. The appearance of only (00l) sharp diffraction peaks for 
PZT/SRO bilayer indicates that the film is preferentially oriented along the c-axis 
perpendicular to the surface of the substrate. No other phases are detected.  The 
HRTEM image with FFT inset will be provided in the subsequent chapter as an 
evidence of the epitaxial growth of PZT on SRO (001) substrate. In case of 




inconsistent with the epitaxial relation reported earlier.
16
 As the focus of this 
thesis is the PZT-based heterostructure that will be used in RRAM in Chapter 7, 
no further measurements were done for the BTO/SRO structure.  
 
 
Figure 5.6 XRD θ-2θ scans of 100nm-thick BTO and 150-nm thick PZT grown 
on SRO(100nm)/STO heretostructure. 
 
5.2.4 Ferroelectric properties. 
Figures 5.7 (a) and (b) show the plots of polarization vs. field (P-E) measured at 
room temperature for BTO- and PZT-based heterostructures respectively. It 
displays the typical hysteresis of the ferroelectric thin films. All three loops 




polarizations were 50, 51 and 28 µC/cm
2




Figure 5.7 Ferroelectric loops for the a) BTO/SRO/STO and b) PZT/SRO/STO 
heterostructures. 
5.2.5 Summary 
The purpose of this part of the study was to grow epitaxial ferroelectric layers on 
top of SRO/STO(001) structures. XRD and ferroelectric measurements were 
employed to ensure that the films are indeed coherent and exhibit the desired 
ferroelectricity. The current leakage for the PbZr0.52Ti0.48O3/SRO bilayer structure 









 N. D. Zakharov, K. M. Satyalakshmi, G. Koren, and D. Hesse,  Journal of 
Materials Research 14 (11), 4385 (1999). 
2
 G. Herranz, B. Martinez, J. Fontcuberta, F. Sanchez, C. Ferrater, M. V. 
Garcia-Cuenca, and M. Varela,  Physical Review B 67 (17) (2003). 
3
 S. H. Oh and C. G. Park,  Journal of Applied Physics 95 (9), 4691 (2004). 
4
 Q. Gan, R. A. Rao, C. B. Eom, J. L. Garrett, and M. Lee,  Applied Physics 
Letters 72 (8), 978 (1998). 
5
 S. C. Gausepohl, M. Lee, K. Char, R. A. Rao, and C. B. Eom,  Physical 
Review B 52 (5), 3459 (1995). 
6
 G. Herranz, F. Sanchez, B. Martinez, C. Ferrater, M. V. Garcia-Cuenca, 
M. Varela, and J. Fontcuberta,  Journal of Magnetism and Magnetic 
Materials 290, 1123 (2005). 
7
 O. Moran, W. Saldarriaga, E. Baca, R. Hott, and D. Fuchs,  Solid State 
Sciences 11 (3), 700 (2009). 
8
 M. Izumi, K. Nakazawa, Y. Bando, Y. Yoneda, and H. Terauchi,  Journal 
of the Physical Society of Japan 66 (12), 3893 (1997). 
9
 K. Terai, T. Ohnishi, M. Lippmaa, H. Koinuma, and M. Kawasaki, in Thin 
Films-Stresses and Mechanical Properties X, edited by S. G. Corcoran, Y. 
C. Joo, N. R. Moody et al. (2004), Vol. 795, pp. 229. 
10
 X. W. Wang, Y. Q. Zhang, H. Meng, Z. J. Wang, D. Li, and Z. D. Zhang,  





 Wenlai Lu, Wendong Song, Ping Yang, Jun Ding, Gan Moog Chow, and 
Jingsheng Chen,  Scientific Reports 5 (2015). 
12
 Wenlai Lu, Wen Dong Song, Kaihua He, Jianwei Chai, Cheng-Jun Sun, 
Gan-Moog Chow, and Jing-Sheng Chen,  Journal of Applied Physics 113 
(6) (2013). 
13
 B. Wul and J.M Goldman, C. R. Acad. Sci. URSS 46 (39) (1945). 
14
 H. D. Chen, K. R. Udayakumar, L. E. Cross, J. J. Bernstein, and L. C. 
Niles,  Journal of Applied Physics 77 (7), 3349 (1995). 
15
 J. Choi, J. S. Kim, I. Hwang, S. Hong, I. S. Byun, S. W. Lee, S. O. Kang, 
and B. H. Park,  Applied Physics Letters 96 (26) (2010). 
16
 A. P. Chen, F. Khatkhatay, W. Zhang, C. Jacob, L. Jiao, and H. Wang,  









Strongly correlated complex oxide heterojunctions exhibit fascinating 
phenomena; their material properties (electronic, structural, magnetic and optical, 




 applied electrical field,
4
 
formation of two-dimensional electron gas (2DEG),
2
 etc. In particular, the 
manipulation of material properties of perovskite-type
5,6
 oxide heterojunctions 
have received increased attention, owing to their interacting lattice, charge, spin 
and orbital degrees of freedom. Recent experimental reports show that the 
perovskite heterostructures display remarkable physical properties that differ 
substantially from the bulk properties of the constituent layers. For instance, the 
perovskite-type materials lanthanum aluminate (LaAlO3) and strontium 
titanate (SrTiO3) individually are non-magnetic insulators, but 
LaAlO3/SrTiO3 heterojunctions are found to have a notable materials interface 









 Additionally, multiferroicity has been demonstrated in 







). Hence, one can manipulate the ferromagnetic-
ferroelectric coupling in these perovskite heterojunctions via a deterministic 







Resistive switching, a phenomenon in which electronic conductivity can be 
reversibly modulated by applying electrical stress, is another area of interest in 
perovskite heterojunctions, as discussed in Chapter 1.
13,14,15 
The perovskite oxides 
share stable crystalline structure that  is capable of accommodating non-
stoichiometric ions, allowing for local ionic migration and thermochemical 
reaction resulting in resistance switching.
16,17
 Of particular interest to researchers is 
the classic Pb(ZrTi)O3 perovskite oxide. Pb(ZrTi)O3 has far larger permittivity (ε) 
than that of conventional semiconductors (ε = 11.9 (Si), 13.1 (GaAs)), and also has 
low carrier mobility μ. Therefore, the dielectric relaxation time for the charge 
imbalance ε/σ = ε/neμ is large, where σ, n and e are the conductivity, the carrier 
density and the elementary charge respectively.
18
 As such, Pb(ZrTi)O3 is regarded 
as an extreme limit of relaxation semiconductor,
19
 and the response to the electric 
field is mostly dielectric. This view indicates that  Pb(ZrTi)O3 begins to behave as 
a conventional semiconductor with increasing carrier density n via increasing 
doping/defects/impurities, which would facilitate the insulator-to-metal transition 
(high-resistance to low-resistance state transition).
18
 Pb(ZrTi)O3 exhibits 
complicated resistance switching effects including conductive filament formation, 
phase separation, oxygen vacancies migration, schottky junction, etc.
18,20
 Till now, 
a complete understanding of the physics of the perovskite oxide heterojunctions 
remains elusive. 
 
To gain an in-depth understanding of the microstructure, transport and magnetic 




PZT(100nm)/SRO heterostructures were coherently grown on STO(001) 
substrates and subsequently examined, as described in Chapter 5. The properties 
of the top electrode candidates AZO and Fe3O4, and the bottom electrode SRO are 
described in Chapters 3 and 4. After ensuring that all three electrodes exhibit high 
conductivity and atomical smoothness, two sets of heterostructures were prepared. 
For the first set the top electrode in the shape of pillars (~ 100 µm
2
) magnetite 
(Fe3O4) with thickness of 100 nm was deposited on PZT/SRO/STO, while for the 
second set it was Al-doped zinc oxide (AZO) of the same thickness and shape, as 
illustrated in Fig. 6.1. 
 
 
Figure 6.1 Configuration of the Fe3O4(AZO)/PZT/SRO/STO device 
 
6.2 Fe3O4/PZT/SRO/STO. 
In this section, we study the physical properties that arise from manipulation of 
the perovskite ferroelectric Pb(Zr0.52Ti0.48)O3 via Fe-related ions diffusion by an 




morphotropic phase boundary (MPB)
21
, tetragonal and rhombohedral phases 
coexist metastably, which leads to the large dielectric constant and high 
electromechanical coupling efﬁciency  of the PZT with this composition. This 
makes Pb(Zr0.52Ti0.48)O3 the most exploited composition among PZTs, which is 
why it was chosen as an active later for this heterostructure. A prominent bipolar 
resistance switching behavior is observed in Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 
structures. After switching Pb(Zr0.52Ti0.48)O3 to a low-resistance state, the film 
exhibits the magnetoresistance signal, which can be tuned via applied field and 
reset it to zero. The film possesses ferroelectric polarization of ~ 50 C/cm2. This 
resistance-ferroelectric-ferromagnetic coupling behavior is associated with the 
formation or/and rupture of Fe-related channels in Pb(Zr0.52Ti0.48)O3.  
6.2.1 Experimental. 
Prior to the fabrication of the Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 structures, 
the materials properties of individual Fe3O4, Pb(Zr0.52Ti0.48)O3, and SrRuO3 films 
were studied as described in the earlier chapters. Under optimum conditions, 
Fe3O4 films were deposited by pulsed laser deposition (PLD) using a KrF excimer 
laser operating at 248 nm and repetition rate of 5 Hz at 300°C under oxygen 
partial pressure of 5µTorr. Pb(Zr0.52Ti0.48)O3 films were prepared at 750°C under 
oxygen partial pressure of 75mTorr, while SrRuO3 films were prepared at 750°C 
under oxygen partial pressure of 220mTorr, as described in Chapter 5 of this 
thesis. The structural properties of the samples were studied by X-ray diffraction 
(XRD; Bruker AXS D8 Advance) and atomic force microscopy (AFM, 




all heterostructures were carried out in a Physical Property Measurement System 
(PPMS; Quantum Design) chamber under helium atmosphere at partial pressure 
below 10torr with a source-meter system (Model 2636B, Keithley Inc.). No water 
molecules could affect the results. 
 
Thereafter, a series of Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 structures with 
various Pb(Zr0.52Ti0.48)O3 thickness (20, 30, 70, 100, 150 nm) were fabricated by 
pulsed laser deposition technique under optimum conditions. These 
Pb(Zr0.52Ti0.48)O3/SrRuO3 films had typical surface roughness (RMS value) of 
~1.3 nm. The Pb(Zr0.52Ti0.48)O3 was deposited on 100 nm conductive SrRuO3 
layer (RMS roughness of ~0.8 nm) as a bottom electrode due to its good lattice 
matching with Pb(Zr0.52Ti0.48)O3. Single crystal SrTiO3 substrate was used, which 
induced compressive in-plane strain in Pb(Zr0.52Ti0.48)O3 films and thus stabilized 
the out-of-plane polarization state. The disk - shaped (~ 100 µm
2
) magnetite 
(Fe3O4) with thickness of 100 nm was used as the top electrode owing to its 
superior magnetic and electronic properties, i.e. (1) highest conductivity among 
iron oxide family, (2) high magnetization (~ 500 emu/cm
3
) at room temperature 




Figure 6.2 (a) shows the typical XRD patterns of 
Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 structures. The observed peaks 




phases / impurities are detected. The results show that the as-prepared films have 
good crystallinity. HRTEM cross-section of the 30-nm PZT layer in the 
heterostructure is illustrated in Fig. 6.2(b). Quantitative analysis of the FFT 
presented in the inset yielded a lattice spacing of 4.02Å for the (100)-plane 
family, which is lower than expected for Pb(Zr0.52Ti0.48)O3 value of 4.14Å, 
perhaps, due to slightly lower concentration of Zr in the film compared to the 
target. HRTEM for the coherent SRO/STO(001) interface has been demonstrated 
earlier in this chapter.  
 
 
Figure 6.2 (a) XRD pattern of the Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 
structure.(b) HRTEM of Pb(Zr0.52Ti0.48)O3 layer grown on SrRuO3/SrTiO3 and the 
corresponding Fourier transform (FFT) of the micrograph. 
 
6.2.3 PZT as active layer. 
Leakage current is one of the crucial parameters to be considered in order to 




current is detrimental to ferroelectricity. Thus, conductivity measurements of 
Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 heterostructures with varying thickness of PZT 
layer were performed at room temperature, as shown in Fig. 6.3 (a) . The 20nm 
Pb(Zr0.52Ti0.48)O3 film showed the lowest conductivity compared to thicker films 
with the conductivity of 0.077 µ(Ωcm)-1 at 0.5 V(see Fig 6.3 (b)). The high 
current leakage in 20 nm Pb(Zr0.52Ti0.48)O3 is thus not suitable for ferroelectric 
applications. However, the conductivity reduces dramatically to 0.01 µ(Ωcm)-1 
for 30 nm Pb(Zr0.52Ti0.48)O3 film at 0.5 V and the value remains nearly constant 
for the rest of thicker films up to 150 nm. The pronounced insulating behaviour in 
the thicker films is favourable to ferroelectricity, and a typical ferroelectric loop is 
shown in the inset of Fig. 6.3 (b). As investigated in the previous Chapter, film 




























Figure 6.3 (a) Current density vs. voltage for the Pb(Zr0.52Ti0.48)O3/ 
SrRuO3/SrTiO3 heterostructures with varying thickness of Pb(Zr0.52Ti0.48)O3 layer. 
(b) Thickness-dependent conductivity of Pb(Zr0.52Ti0.48)O3 deposited on 
SrRuO3/SrTiO3 substrate measured at room temperature for applied voltage of 
0.5V. Inset: Typical ferroelectric loop of Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3.  
 
Figure 6.4 (a) shows I–V characteristics of 
Fe3O4/Pb(Zr0.52Ti0.48)O3(30nm)/SrRuO3/SrTiO3 (see inset of Fig. 6.4 (a)) with a 
current compliance limited to 10 mA, in order to prevent the active layer from 
permanent breakdown. At virgin state, the Pb(Zr0.52Ti0.48)O3 is in high-resistance 
state (HRS) with resistance of several mega-ohm. During the filament forming 
process, current increases with applied voltage and the film is set to low-
resistance state (LRS) at ~4.5V. After the forming process, a typical bipolar 
resistance switching behaviour is observed in the voltage region below ±4 V.  The 
I –V curve displays clear bipolar switching events at V+Switching at ~ 3.7 V (Set 
operation) and V
-
Switching at ~ -3.3 V (Reset operation) and a crossover at the 
origin. At the applied voltage of 3.7 V (-3.3 V), the current suddenly increases 
(decreases) and the film is in the LRS (HRS). It should be noted here that the 




rectifying I-V switching behaviour.  While the 70nm and 150 nm 
Pb(Zr0.52Ti0.48)O3 films reveal high switching voltage (> 7 Volts), this is not 
favourable for practical resistance switching memory applications. As such, the 
subsequent discussion will be mainly focused on the physical properties of 30 nm 
Pb(Zr0.52Ti0.48)O3 film. 
Different conduction mechanisms in PZT films may take place depending on the 
thickness. Traditionally, the possible conduction mechanisms in ferroelectric thin 
films are divided in two major classes: bulk limited and interface limited. Space 
charge limited currents (SCLC), Pool-Frenkel emission from the deep traps 
(PFE), hopping and ohmic-type conduction belong to the bulk-limited 
mechanisms. Whereas interface limited are thermionic emission also known as 
Schottky emission (SE), electric field assisted tunneling or Fowler-Nordheim 
tunneling (FNT). Direct tunneling is also possible for the films thinner than 5nm. 
Thus, in thick films (250nm) the conduction mechanism is likely to be the Poole-
Frankel emission. For the thinner films the conduction is claimed to be dominated 
by the ferroelectric Schottky emission.  
In our 20nm films the conduction mechanism is more likely to be due to Schottky 






Figure 6.4 (a) Resistance switching characteristics of 
Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 structures with 20nm, 30nm and 70nm 
Pb(Zr0.52Ti0.48)O3 film at 300 K (blue, red and green curves, respectively). The 
forming curve is showed in circle-line. (b) Temperature-dependent resistance of 
the Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 structure after switching to low-
resistance state at 5V, showing the formation of semiconductor-like conducting 
channel.  
 
6.2.4 The role of Fe3O4 top electrode. 
In order to study the properties of the switching filament, the temperature 
dependent resistance of the Fe3O4/Pb(Zr0.52Ti0.48)O3(30nm)/SrRuO3/SrTiO3 is 
measured after switching to LRS, as displayed in Fig. 6.4 (b). The resistance 
increases exponentially with decreasing temperature in the range of 150-300K, 
suggesting semiconductor-like properties of the sample. In other words, after 
switching from HRS to LRS the insulator characteristics of the structure changed 
to semiconducting. Such behaviour can be attributed to an increase in carrier 








Magneto-transport properties is another area of study in this work. To this end, we 
conducted room temperature magnetoresistance (MR) measurements on the 
Fe3O4/Pb(Zr0.52Ti0.48)O3(30nm) /SrRuO3/SrTiO3 structure. A magnetic field of up 
to 2 tesla was applied perpendicular to the heterostructure. Prior to measurement 
the sample has been set to LRS by applying +5 V to the Fe3O4 top electrode as 
shown in Fig. 6.5 The sample displays negative MR of -1.5% at 300K. To get 
more insight into MR contribution, various test structures were fabricated: (1) 
Fe3O4/SrRuO3, (2) SrRuO3/SrTiO3 and (3) Au/Pb(Zr0.52Ti0.48)O3/SrRuO3. Then 
room temperature MR measurements were performed. Figure 6.5 clearly shows 
that none of the above configurations exhibit any significant change in resistance 
upon applying external magnetic field (no MR signal detected) at room 
temperature. These observations reveal that Fe3O4 top electrode plays a vital role 





Figure 6.5 Magnetoresistance curves of Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 
after switching (black line), Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 before 
switching (magenta line), Fe3O4/SrRuO3/SrTiO3 (red line), 
Au/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 (green line), and SrRuO3/SrTiO3 (blue line) 
structures, measured at room temperature. The magnetoresistance signal only 
appears in Fe3O4/Pb(Zr0.52Ti0.48)O3(30nm)/SrRuO3/SrTiO3 after switching. 
However, there is no magnetoresistance signal if positive voltage is applied to 
SrRuO3 bottom electron (dark green line).  
 
To obtain a better understanding of the observed MR phenomena, low 
temperature MR measurements (250K, 200K and 150K) were conducted on 
identical samples, as illustrated in Fig. 6.6. The MR increases with decreasing 
temperature, reaching its maximum value of ~3% at 150K for 
Fe3O4/Pb(Zr0.52Ti0.48)O3(30nm)/SrRuO3/SrTiO3. However, when the same 
samples were reset to HRS at -5V and their MR measured as a function of 




interesting observation that we came across is that no significant low temperature 
MR signal (<< 0.5%) was detected in the samples without Fe3O4 top electrode. 
The results indicate that MR effect is sensitive to the presence of Fe3O4 and 
biasing polarity.  
 
 
Figure 6.6 Magnetoresistance curves for 
Fe3O4/Pb(Zr0.52Ti0.48)O3(30nm)/SrRuO3/SrTiO3 heterostructure measured at 300K, 
250K, 200K and 150K.  
 
The conduction of electrode plays a vital role in determining the performance of 
the device, thus measurements of resistivity as a function of temperature of Fe3O4 
(top electrode) and SrRuO3 (bottom electrode) were performed as shown in Fig. 
6.7. The resistivity of SrRuO3 (Fig. 6.7(a)) decreases almost linearly with 
temperature, as it  cools down from room temperature, exhibiting the typical 




observed around TC and the resistivity decreases rapidly below this temperature 
due to the loss of spin disorder scattering.
25
 Figure 6.7(b) displays the temperature 
dependent resistance curves of Fe3O4 film. An abrupt resistivity change was 
observed at ~120 K, which is known as Verwey transition (TV). The abrupt 
change in resistivity occurs around the transition, in such a way that at low 
temperatures Fe3O4 is an insulator and above TV it is a conductor.
22
 The insulating 
behavior of Fe3O4 below 120 K is detrimental to magnetoresistance (MR) 
measurement below 120 K. Therefore, our MR was measured up to 150 K such 




Figure 6.7 The temperature dependence resistivity of (a) SrRuO3 (bottom 
electrode) and (b) Fe3O4 (top electrode). The SrRuO3 exhibits the typical “bad 
metal” behavior. The Fe3O4 clearly shows the insulating properties at low 






6.2.5 Thickness dependence of Fe3O4 top electrode. 
Spinels have the tendency to grow in an island mode on top of perovskites due to 
large lattice misfit lying in the range of -7%.
26
 As mentioned in Chapter 4, MgO 
substrates have lattice mismatch of just 0.3% with ferrites, which allows the 
growth of high-quality coherently strained Fe3O4 films. Island mode growth on 
PZT would result in degraded physical properties (resistivity, magnetic moment, 
MR) of these Fe3O4 films compared to their counterparts grown on MgO.  
However, it is possible to minimize or even avoid the effects of the 
thermodynamic driving force towards the formation of the islands by increasing 
the growth rate and reducing the deposition temperature.
27, 28
 In this case,  the 
islands coalesce above the critical thickness, leading to the formation of films 
with smooth surfaces. This growth mode of films is known as 3D-to-2D growth, 







 heterostructures. The deposition conditions used to 
grow the Fe3O4 layer on PZT in this study satisfy the requirements for the 3D-to-
2D growth,
32
 except that the thickness of the islands did not reached the critical 
thickness at which they would coalesce. Thus, it is important to maintain the 
minimum thickness of the top electrode magnetite layer (estimated to be at least 
≥50 nm) in order to ensure structural homogeneity of the magnetite top electrode.  
 
To study how the Fe3O4 top electrode thickness (height) affects the device 
performance, we deposited 20, 30, 50, 75, 100 and 150 nm thick Fe3O4 films on 




MR measurement was carried out at 2 Tesla after setting the structure at low-
resistance state (LRS). Figure 6.8 (a) displays the MR signal increases with an 
increase of Fe3O4 height (thickness) and stable at -1.5% beyond the thickness of 
75 nm. The MR reduces to -0.5% for 20 nm Fe3O4 top electrode; this reduction is 
associated with the increment in resistivity that coincides with decreasing Fe3O4 
thickness (see Fig 6.8 (b)). Our observation is consistent with the literature.
33
 
Eerenstein et. al. has demonstrated that the resistivity of the 3-nm-thick Fe3O4 
film is 30 times larger than the resistivity of the 50-nm-thick film. Only the 50- 
nm- and 100-nm-thick films show a Verwey transition that is a classical transport 
property of Fe3O4. These observations indicate that Fe3O4 with thickness above 75 
nm is essential for obtaining good MR signals. 
 
 
Figure 6.8 (a) Room temperature magnetoresistance (MR) of 
Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 as function of Fe3O4 height, measured at 
2 Tesla after setting the device to low-resistance state. (b) Temperature dependent 
resistivity of 20 nm and 100 nm Fe3O4. The resistivity becomes higher with the 






6.2.6 The contribution of SRO bottom electrode to MR. 
Next, we prepared a new Fe3O4/Pb(Zr0.52Ti0.48)O3(30nm)/SrRuO3/SrTiO3 
heterostructure under identical processing conditions. Positive voltage was 
applied on the SrRuO3 bottom electrode, whereas Fe3O4 top electrode was 
grounded, as depicted in Fig. 6.1. The structure exhibited a similar bipolar 
switching behaviour that was observed earlier for another sample in Fig. 6.4 (a), 
but no MR signal was observed (Fig. 6.5). It suggests that when positive voltage 
is applied to SrRuO3 bottom electrode, Sr or/and Ru related cations diffuse into 
the Pb(Zr0.52Ti0.48)O3 layer, forming conducting filaments. If we assume that the 
earlier MR observed was contributed by Sr or/and Ru cations, then MR signal 
should be observed after Sr or/and Ru related filament formation in the current 
sample. However, the device did not exhibit MR. This result confirms that MR 
effect is not attributed to the diffusion of Sr or/and Ru cations into 
Pb(Zr0.52Ti0.48)O3 layer upon switching.  
 
To summarize the results obtained, we conclude that there is a clear correlation 
between MR signal, Fe3O4 top electrode and direction of applied bias. When 




cations are likely 
to diffuse into Pb(Zr0.52Ti0.48)O3 and migrate through it, forming a magnetic 
conductive filament between the electrodes. It is well known that oxygen 
vacancies are likely to be present in Pb(ZrTi)O3. These oxygen vacancies may 











semiconductor-like behavior, as shown in Fig. 6.4(b). The formation of magnetic Fe-
related channel(s) leads to the observation of magnetoresistance signal. When the 
negative voltage is subsequently applied to the Fe3O4 top electrode, the magnetic 





explains the disappearance of MR signal at HRS under negative bias.  
An attempt to locate and capture the Fe-channel via cross-section TEM/EDX has 




 ions diffusion is very 
small, which makes sample preparation procedure challenging. Nonetheless, the 
evidence presented in the current study is sufficient to support the proposed 
mechanism of switching. 
6.2.7 Summary. 
In conclusion, we find that physical properties of 
Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 heterostructures can be modulated by 
introducing Fe-related ions into Pb(Zr0.52Ti0.48)O3. Pronounced bipolar switching 
was observed. The sample shows MR signal of ~ 3% after being set into low-
resistance state, attributing to the formation of Fe-related ions semiconductor-like 
channel in the Pb(Zr0.52Ti0.48)O3 layer. After resetting to high-resistance state, the MR 
signal disappears due to the rupture of the channel. Although the origin of resistive 
switching and magnetoresistance event does not contradict the measured I –V 
curves, further investigation is needed to determine the influence of Fe-related 





6.3 AZO/ PZT/SRO/STO. 
As it was concluded from the results obtained in Chapter 3, doping with Al 
significantly improves conductivity of ZnO thin films. Thus, we decided to use 
AZO as a top electrode for Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 heterostructures. 
6.3.1 Experimental 
The configuration illustrated in Fig. 6.1, i.e. 30 nm-thick Pb(Zr0.52Ti0.48)O3 layer 
sandwiched between 100nm-thick SrRuO3 and the disc-shaped (~ 100 µm
2
) top 
electrode, was used to prepare samples for this Section. Al-doped (4at%) ZnO 
(AZO) with thickness of 100 nm was used as the top electrode. Same equipment 
as listed in Section 6.2.1 was employed to conduct the structural and electric 
transport measurements for AZO/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 
heterostructures. 
6.3.2 Structural analysis 
Figure 6.9 demonstrates two XRD scans: one is Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 
structure without any top electrode, whereas another one is with Al-doped(4at%) 
ZnO top electrode. Both scans show Pb(Zr0.52Ti0.48)O3, SrRuO3 and SrTiO3 peaks 
with {001} crystallographic orientation. Sharp and narrow ZnO (002) peak at 
34.35° indicating that the ZnO film has a c-axis preferred orientation appears for 
the AZO/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3. The c-axis lattice parameter, 
calculated according to Bragg's law from the position of this peak, is 5.22Å. The 
value is slightly larger than the c-axis lattice parameter of 5.206 Å reported for 




Al ions into Zn sites and/or the incorporation of Al ions in the interstitial 
positions.
35
 Another reason for the larger c-axis parameter can be epitaxial strain 
due to lattice mismatch between AZO and PZT layers. We observed no 
reflections indicating secondary phases. 
 
 
Figure 6.9 θ-2θ XRD measurements of 
AZO/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3(red) and 
Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 (black) heterostructures. 
 
6.3.3 Resistivity switching. 
Next, I–V characteristics of the AZO/Pb(Zr0.52Ti0.48)O3(30nm)/SrRuO3/SrTiO3 
heterostructures were studied by dc voltage sweep measurements to evaluate the 
memory effects, and the results are illustrated in Fig. 6.10. In order to prevent the 




0.005 A. As shown in Fig. 6.10, the bottom SRO electrode was grounded while a 
bias voltage was applied to the top AZO electrode. After the forming process, a 
typical bipolar resistance switching behaviour is observed in the voltage.  The I –
V curve displays clear bipolar switching events at V
+
Switching at ~ 9.8 V (set to LRS 
) and V
-
Switching at ~ -15V (reset to HRS) and a crossover at the origin. In this case 
the threshold voltages in the device are way above 5V, which is a disadvantage, as 
the write voltage is too high and unable to give an advantage over Flash which 
itself suffers from high programming voltages. 
 
Taking into consideration the aforementioned observation, we conducted room 
temperature magnetoresistance (MR) measurements of 
AZO/PZT(30nm)/SRO/STO heterostructure. The magnetic field (up to 2T) was 
applied perpendicular to the TE. Prior to measurement the sample has been set to 
LRS by applying positive bias 10 V to the TE. Afterwards, it was reset to HRS 
with voltage -10V. It was found that this configuration does not exhibit any 
significant change in resistance upon applying external magnetic unlike 
Fe3O4/PZT/SRO/STO.  
 
While the switching in Fe3O4/PZT/SRO/STO was ascribed to the diffusion of iron 
ions from the Fe3O4 top electrode, switching in AZO/PZT/SRO/STO 
heterostructure can be explained by the diffusion of Zn
2+
 ions into PZT. It is 
possible that zinc ions were injected by the applied high voltage from the AZO 




path(s) for electrons to flow through the resistive layer. The proposed mechanism 
however needs solid confirmation. Thereby, more research on this topic will be 
recommended in Chapter 7. 
 
 
Figure 6.10 Resistance switching characteristics of 
AZO/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 structure with 30 nm Pb(Zr0.52Ti0.48)O3 
film at 300 K. 
 
6.3.4 Summary 
To summarize this chapter, two types of capacitor-like devices with PZT 
heterojunctions were formed. Their structures and transport properties were 
investigated. The first part is devoted to the analysis of 
Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 heterostructures. It was discovered that 
physical properties of Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 heterostructures can be 




bipolar switching was observed. The resistance—ferroelectric—ferromagnetic 
coupling in these kind of heterostructures may allow for a non-volatile multiple 
states Pb(ZrTi)O3 hybrid memory in the future.    
 
In the second part we studied AZO/Pb(Zr0.52Ti0.48)O3/SrRuO3/SrTiO3 
heterostructures. Bipolar switching was observed. The switching voltages for 
these type of heterostructures are relatively high, possibly, due to formation of the 
high Schottky barrier at the AZO/PZT interface. The structure did not reveal any 
signs of magnetism. No changes of resistance upon the application of magnetic 
field were observed, neither in virgin state, nor after setting to LRS/HRS. 
Resistance switching in AZO/PZT/SRO/STO heterostructure can be explained by 
the diffusion of Zn
2+
 ions from the AZO top electrode into PZT resistive layer and 
formation of zinc conductive filament. There are very few reports on this topic 
and the mechanism of resistance switching in AZO/PZT/SRO/STO 
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Chapter 7 Conclusion. 
7.1 Summary of results. 
The overall objective of this research study was primarily to perform a 
systematic study of the structural, transport, magnetic and optical properties of 
oxide thin films: AZO, Fe3O4 and SRO, as monolayers. They were fabricated 
via pulsed laser deposition technique on quartz, MgO and STO substrates. The 
other aspect of the study was to explore the potential of these oxides as 
electrode components integrated in capacitor-like PZT-based heteroepitaxial 
structures. In view of these objectives, the highlights of the work are 
summarized below: 
1) Zinc-blende phase of ZnO is expected to possess higher values of 
conductivity compared to its counterpart, wurzite. Moreover, higher 
doping efficiency was predicted for this particular phase, which then 
makes it an interesting alternative. In this project, we prepared a ZB 
phase of Ti-doped ZnO, ZB-(Zn1-xTix)O thin film by controlling the 
thickness, Pt/ ZnO interface energy, Ti out-diffusion effect, and 
annealing effect. It was found, that below the critical thickness of 20 
nm, the WZ–ZnO phase on Pt/Ti/SiO2/Si substrate transforms into ZB-
(Zn1-x Tix)O phase after 900 C annealing. While above its critical 
thickness, the mixture phase of WZ, ZB, and zinc titanate (Zn2TiO4) 
forms. Based on our calculations, the out-diffusion of Ti into ZnO 
favors the formation of ZB phase. When the film is thin (<20 nm), the 





These findings are significant since doped ZnO ZB can find its niche 
as an efficient transparent oxide electrode. 
 
2) Undoped ZnO is not suited as an electrode material for device 
applications, thus intentional doping with either hydrogen or group III 
elements should be implemented to increase the conductivity of ZnO 
films. In this work we used the two-step fabrication technique (PLD 
deposition, then subsequent annealing in hydrogen atmosphere) 
proposed by Li.T
1
 to fabricate the H2-doped samples. Etching effect 
took place despite the prehydrogenation growth conditions. However, 
based on the results of topography study, it can be concluded that 
RT/vacuum grown ZnO films (due to smaller grain size before 
annealing) make it easier for H-atoms to diffuse and form bonds with 
abundant oxygen defects. As a result, hydrogen treatment alters the 
structure of the films by generating a porous morphology of these ZnO 
films. Additionally, the conductivity of the films reduced after 
annealing in hydrogen for undoped ZnO. The increased roughness of 
the surface of post-annealed ZnO films and their decreased 
conductivity makes them unsuitable for electrode applications.  
Nonetheless, these structures were found to exhibit ultra-strong green 
emission, which can be favourable for optoelectronic applications.  
3)  4 at.% Al-doped ZnO (AZO) films were prepared to investigate the 
physical properties of doping with group III elements. The 
conductivity of ZnO films significantly improved after doping with Al, 





compared to the hydrogen annealed ZnO. Additionally, we compared 
electric and optical properties of 4 at.%  Al-doped ZnO (AZO) before 
and after hydrogen annealing. In both cases hydrogen treatment 
resulted in the improved conductivity values for the both set of AZO 
films. Despite this finding, the surface roughness of the hydrogenated 
films still hinders their application as an electrode material for our 
RRAM prototype. Based on these findings, aluminum doping method 
was implemented to prepared AZO top electrodes for the 
PZT/SRO/STO heterostructure. The mechanism of switching in this 
system, however, requires deeper research. 
4) In order to study the magnetic anisotropy of ferroelectric Fe3O4, we 
fabricated Fe3O4 epitaxial films of various thicknesses on MgO 
substrates with different orientations. The Fe3O4 (111) films were 
found to exhibit a prominent out-of-plane magnetic anisotropy. XRD 
pattern peaks were identified as magnetite phase and sharp Verwey 
transition was observed, establishing the high crystalline quality and 
good stoichiometry of the prepared films. The behaviour of the MR 
curves for Fe3O4(100) is consistent with the model proposed by 
Margulies et al.
2
 Thickness dependence studies revealed that the 
40nm-thick films exhibit well-defined square-like hysteresis loop with 
the highest remanence and coercivity values. It has been shown that 
since magnetic anisotropies are highly influenced by lattice strain, the 
anisotropy manipulation can be possible by using the substrates of 
different orientations. The ability to influence magnetic anisotropy in 





applications in spintronics. As such, we believe this work offers a 
valuable contribution with regard to interface engineering methods that 
would significantly advance the development of ultrahigh-density 
information storage devices. 
 
5) It was discovered that once the Pb(Zr0.52Ti0.48)O3 films become thinner 
(~ 30 nm), one can set (reset) the Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3 
structures into low (high) resistance state via a formation (rupture) of 
Fe-related filament in Pb(Zr0.52Ti0.48)O3 through manipulation of an 
electric field. Of interest is the observation of a prominent 
magnetoresistance signal of ~ 3% at low resistance state. There is no 
magnetoresistance signal detected in the virgin Pb(Zr0.52Ti0.48)O3 film 
(before switching), high-resistive state and Au/Pb(Zr0.52Ti0.48)O3 
/SrRuO3. These phenomena are attributed to the diffusion of Fe-related 
ions into the Pb(Zr0.52Ti0.48)O3 film, turning a non-magnetic and 
insulating layer of perovskite Pb(Zr0.52Ti0.48)O3 into a magnetic and 
semiconducting-like Pb(Zr0.52Ti0.48)O3. The magneto-transport 
properties of Fe3O4/Pb(Zr0.52Ti0.48)O3/SrRuO3 have been studied 
extensively. Such resistance—ferroelectric—ferromagnetic coupling on 
a single compound paves way to the realization of a non-volatile 
multiple states Pb(ZrTi)O3 hybrid memory, as well as new computing 







7.2 Recommendations for future work. 
Based on the substantial experimental results and subsequent scientific 
discussion and conclusions drawn from this thesis, several potential directions 
for future research can be suggested:  
1) The scope of the study was restricted to three potential electrode materials, 
i.e.  AZO, Fe3O4 and SRO, due to time and other resource constraints. 
Nevertheless, there are many other candidates for electrode materials, as well 
as potentially novel material-device configurations, which would merit further 
study. 
2) The nature of green emission discovered in ZnO films deposited at different 
conditions after hydrogen annealing remains unclear. Assuming that the 
porous structure of the post-annealed films affects the intensity of the emission, 
we would recommend a thorough research with a purpose to determine the 
mesoporosity of ZnO films and provide the information on the pore diameter, 
surface area. 
 
3) The nature of the perpendicular magnetic anisotropy in Fe3O4 thin films 
remains unclear. Further research in this direction would be beneficial for the 
development of Fe3O4 – based spintronic devices. 
 
4) Another drawback of this study is the fact that only PZT-based 
heterostructures were investigated. In spite of the strong qualities of PZT 
material, we are of the opinion that the contemporary tendency to seek out 





lead-free alternatives. Hence, more efforts in studying lead-free perovskite 
ferroelectrics is encouraged (i.e. BaTiO3, SrZrO3, Pr0.7Ca0.3MnO3, etc.). 
 
5) The structural and transport properties of AZO/PZT/SRO/STO 
heterostructures have to this point been largely ignored in the literature. 
Although we have made some attempts to shed more light on these 
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